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ABSTRACT 
Nitrogen (N) a crucial element for plant growth, often limits net primary productivity 
of agroecosystems. In agricultural systems it is vital to have proper management of N to 
secure productivity and environmental sustainability. Soybean [Glycine max (L.) Merr.] is 
the second most important crop in the US Corn Belt, and it can fix part of its N through 
biological N fixation. The overarching goal of this research was to investigate soybean N 
fixation dynamics in response to environmental factors, and plant tissue decomposition to 
understand better N cycling and improve Midwestern US N budget estimations.  
A long-term incubation study was conducted by using aboveground plant litter of 
soybean along with three other plants (maize, oats, and alfalfa), to investigate the effect of 
different litter amendments on mineral associated organic matter (MAOM) accumulation and 
stabilization. Soils amended with soybean and maize litter had more stable MAOM-N, with 
greater efficiency of accumulation compared to oats and alfalfa litter amendments. In my 
second study, I used two soybean fields to estimate N-fixation dynamics by using two 
methodologies (15N isotope dilution method, and isolines), and measured crop growth, soil 
inorganic N and weather dynamics throughout the season. On average soybean grown in 
Iowa fixed from 23 to 65% of total aboveground N reaching a maximum rate of 3 kg ha-1 d-
1 during early seed fill period.   
Finally, I conducted a field experiment to test the effect of supplemental N 
fertilization addition to soybean at three different rates and three application timings. The 
experiment showed inconsistent results among years and methodologies used to determine 
yields, but provided evidence that high yielding soybean crops will respond to N fertilizer. 
Therefore, it is suggested to improve the methodologies in the near future for advanced 
vii 
soybean research. Overall findings from this dissertation provide novel information about 
soybean physiological and biological processes as a result of soil-plant-atmosphere 
interactions. Our results indicate that in order to boost soybean yields, there is a need to use 
a systematic approach that focuses on plant-environment interactions to increase available N 
supply either from litter mineralization, N fixation, or additional N fertilizer.  
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CHAPTER 1.    INTRODUCTION 
Agriculture began as a food gathering, but over thousands of years it has evolved into 
a highly mechanized system using large inputs to produce vast food amounts for today’s 
largely global populations. Over the years, expectations of agriculture production have 
changed, representing a challenge for farmers and agronomists to meet the demand to produce 
more food as well as other non-food services (i.e., fiber, energy; Foley et al., 2011) which have 
increased in parallel with the world population. However, an increase in agricultural 
production is required to be sustainable economically and ecologically (Tilman et al., 2002). 
Until recently, grains such as wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) 
were the most popular crops (Olsson, 1991). Now the leading crops produced globally are 
maize (Zea mays L.) and soybean [Glycine max (L.) Merr]. In 2016, these crops were grown 
on 15% and 8% , respectively, of the agricultural land in the world and contributed to 12% and 
3%, respectively, of global agriculture production, respectively (FAOSTAT, 2018).  
Modern agriculture includes soybean and other legumes crops not only in low-input 
farming systems but also in high-input farms, which has resulted in a global expansion of their 
production area for example the acreage in North America increased by 71% from 1950-2014  
(Stagnari et al., 2017). Soybean is an economically and ecologically sustainable crop (Peoples 
et al., 1995) and can obtain part of its required N through a symbiotic association with rhizobia 
(known as biological N fixation process; Unkovich et al., 2008) while at the same time soybean 
represents a high-quality source of food and feed.  
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In the United States, and particularly in the Midwestern Corn Belt region, soybean 
represents an important agricultural commodity and source of revenue, is commonly grown in 
rotation with maize, and from which more than 98 million Mg of soybean worth USD 33 billion 
was produced during 2017 in this region (USDA NASS 2018). 
The biological N-fixation process was first discovered by Boussigault in the 1830’s 
and a few years later confirmed by Hellriegel and Wilfarth in 1888 (McCosh, 1984). It is 
recognized as the second most important biological process after photosynthesis (Uncovich et 
al., 2008). It benefits agroecosystems by reducing the use of N fertilizer, subsequently 
decreasing agricultural production costs (Bergerou et al., 2004; Peoples et al., 2009) and 
environmental impact. For example, soybean production releases 5-7 times less greenhouse 
emissions per unit area than do other crops (Stagnari et al., 2017). A recent review by Ciampitti 
and Salvagiotti (2018) that gathered information on soybean N fixation, yield, and crop N 
accumulation from studies published globally between 1955 and 2016 (n= 733 data points) 
suggested that global N fixation average has increased 17 kg N ha-1 since an earlier review by  
Salvagiotti et al. (2008) was published (142 vs. 125 kg N ha-1, respectively), but, the average 
contribution of N fixation to the total soybean plant N required has not changed (i.e., 58% of 
the total soybean N requirement). 
With the expansion of soybean globally, and most particularly in the Midwestern region 
of the US, many farmers and agronomists have been thinking about ways to improve soybean 
yields and the associated N benefits from soybeans. However, it is not clear whether using 
soybean in a maize-soybean rotation in Iowa results in a positive, negative, or instead neutral 
overall field N balance. There is still some missing information and uncertainty surrounding 
soybean N dynamics.  
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The last field study conducted in Iowa that measured N-fixation was done thirty years 
ago by Berg et al. (1988). Therefore, there is an urgent need to update the information by using 
newer soybean cultivars, current management practices, and more reliable and modern analytic 
tools and methods to quantify in detail the whole soybean N dynamics, emphasizing the N 
contribution to the system derived from biological N fixation (Christianson et al., 2012). Thus, 
agronomists can improve and calibrate the current soybean models that are available in the 
market (e.g., APSIM) by integrating measurements that encompass crop-soil-weather 
relationships. Analytical limitations exist, most of them derived from different methodologies 
used to measure N fixation in legumes (Unkovich et al., 2008), however, the researcher needs 
to acknowledge the sources of error and pitfalls that are associated with the use of any 
particular method, along with its accuracy and precision for quantifying N fixation.  
The next three chapters of this dissertation investigate the N dynamics in soybeans 
First, I explored the effect of soybean litter on C and N accumulation and stabilization in 
mineral associated organic matter, which was compared with other crop litters (maize, oats, 
alfalfa; Chapter 2). Next, I investigated soybean N fixation contribution and N dynamics 
throughout the growing season by focusing on the crop-soil-environment interactions (Chapter 
3). In Chapter 4, I examined different strategies to increase soybean yield by using different 
application timing and rates of N. In the final chapter, I summarize the main findings of this 
investigation and highlight the conclusions.   
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Modified from a manuscript published in Soil Biology and Biogeochemistry Journal 
 
Abstract 
Mineral-associated organic matter (MAOM) is a relatively large and stable fraction of 
total soil organic matter (SOM). Plant litters with high rates of mineralization (high quality 
litters) are hypothesized to promote the accumulation of MAOM with greater efficiency than 
plant litters with low rates of mineralization (low-quality litters) because most MAOM is 
microbial-derived and high-quality litters maximize the synthesis of microbial products. 
However, the effect of litter quality on MAOM is inconsistent. We conducted four short-term 
incubations (46-d each) of four plant litters.  in two low-carbon subsoils (sandy loam and silty 
loam) with and without nutrient addition. The litters included: alfalfa (Medicago sativa L.), 
maize (Zea mays L.), oat (Avena sativa L.), and soybean (Glycine max L. Merr). Our short-
term incubations focused during initial stages of plant litter decomposition, when plant litter 
quality has a measurable effect on litter mineralization rates. We hypothesized that: i) high-
quality plant litters promote more efficient accumulation of MAOM-C than do low-quality 
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plant litters; ii) MAOM in soils incubated with high-quality litters has a greater proportion of 
microbial-derived carbohydrates than MAOM in soils incubated with low quality litters, iii) 
nutrient addition increases the proportion of litter-C that is transferred to MAOM-C; and iv) 
neither plant litter quality nor nutrient addition affects the potential mineralization (i.e., 
stability) of accumulated MAOM-N. Plant litter quality had a much greater effect on litter-C 
mineralization rate and MAOM-C accumulation than soil type or nutrient addition. Soils 
amended with high-quality oat and alfalfa litters had greater MAOM-C accumulation than soils 
amended with low-quality maize and soybean litters. However, soils amended with high-
quality litters also had greater litter-C mineralization than soils amended with low-quality 
litters. As a result, the accumulation of MAOM-C per unit of litter-C mineralization was lower 
in soils amended with high- vs. low-quality litters (0.65 vs. 1.39 g MAOM-C accumulated g-1 
C mineralized). Although cellulose and hemicelluose indices of accumulated MAOM were 
greater for maize and soybean than oat and alfalfa, most carbohydrates in MAOM were plant-
derived regardless of litter quality. At the end of the incubations, more of the accumulated 
MAOM-N was potentially mineralizable in soils amended with high quality litters. 
Nevertheless, most of the litter-C remained as residual litter; just 12% was mineralized to CO2 
and 13% was transferred to MAOM. Our results demonstrate unexpected effects of litter 
quality on MAOM stabilization including the direct stabilization of plant-derived 
carbohydrates.  
Introduction 
The accumulation and mineralization of SOM in the mineral soil matrix (i.e., mineral-
associated organic matter; MAOM) is critical to ecosystem function. Due to chemical 
association with fine mineral soil particles, MAOM is relatively stable compared to bulk SOM 
(von Lutzow et al., 2007; Marschner et al., 2008). However, MAOM is also an important 
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source of nutrients to plants and microbes (Kallenbach et al., 2015; Cates and Ruark, 2017). 
Mineral-associated organic matter can serve both functions because it typically accounts for 
more than 50% of total SOM (Stewart et al., 2008; Beare et al., 2014). 
Plant litter quality can affect the stabilization and mineralization of MAOM, ultimately 
impacting soil quality and crop production (Drinkwater et al., 1998; Kirchmann et al., 2004; 
Kallenbach et al., 2015; Cyle et al., 2016). Recent concepts suggest high-quality plant litters 
characterized by rapid decomposition rates, low C/N ratios, and low phenol concentrations 
should lead to faster and more efficient accumulation of MAOM than low-quality plant litters 
characterized by slow decomposition rates, high C/N ratios, and high phenolic concentrations 
(Cotrufo et al., 2013). However, a review of well-controlled experiments determined that the 
accumulation of high-quality litter-C in the mineral soil matrix is not consistently faster nor 
more efficient than the accumulation of low-quality plant litter-C (Castellano et al., 2015). 
The lack of a consistent effect of plant litter quality on the rate and efficiency of MAOM 
accumulation is surprising because the concept has a strong foundation in ecological theory. 
Metabolic theory of ecology predicts high-quality plant litters should promote microbial C use 
efficiency, biomass, and growth rate (Brown et al., 2004; Xu et al., 2013); and a broad array 
of data suggests most MAOM is comprised of microbial matter rather than plant litters (Kögel-
Knabner, 2002; Sollins et al., 2009; Miltner et al., 2012). Thus, given equal inputs of high and 
low quality litters, high quality litters should produce more MAOM because they yield more 
microbial products of metabolism and these compounds are thought to comprise the majority 
of MAOM (Manzoni et al., 2012; Schimel and Schaeffer, 2012; Bradford et al., 2013; 
Kallenbach et al., 2015).  
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At present, the inconsistent effects of plant litter quality on the rate and efficiency of 
MAOM accumulation have been partially attributed to methodological limitations, including 
confounding experimental factors that interact with litter quality as well as the ability to 
accurately assign MAOM to microbial vs. plant origin (Castellano et al., 2015). Field 
comparisons of live plants unavoidably confound the effects of litter quality with the effects of 
litter amount and plant phenology (i.e., when litter is deposited into the soil). Neither two 
species deposit equal amounts of litter at identical rates. Different amounts and timings of litter 
input alter environmental conditions such as temperature and moisture, which have large and 
complex direct and indirect effects on microbial physiology (Manzoni et al., 2012; Schimel & 
Schaeffer, 2012). These effects complicate in situ isolation of litter quality effects on the rate 
and efficiency of MAOM accumulation.  
In addition to potential complications in field experiments, modern analytical 
techniques to estimate the composition and source of MAOM may underestimate the 
contribution of plant-derived compounds including cutin, suberin, and lignin-derived phenols 
due to poor extraction efficiency. For example, Hernes et al. (2013) estimated that the CuO 
technique extracts less than 50% of MAOM phenols. Lin and Simpson (2016) estimated that 
81-98% of cutin and suberin biomarkers were not extractable with KOH/MeOH hydrolysis. 
The extraction efficiencies following these oxidation and hydrolysis reactions are also sensitive 
to a variety of factors that vary across laboratories including reaction temperatures and 
pressures, the concentration and presence of different reactants, and the method of extraction 
(Goñi & Montgomery, 2000; Kaiser and Benner, 2012; Angst et al., 2017).  
In addition, growing evidence and theory support an important role of litter quality for 
the direct stabilization of plant litter in MAOM, particularly in nutrient poor soils and later 
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phases of litter decomposition (Cotrufo et al., 2015; Liang et al., 2017). In nutrient-poor soils, 
MAOM often contains substantial amounts of plant biomolecules (Gillespie et al., 2014; 
Sanderman et al., 2014; Angst et al., 2017). In later phases of decomposition, direct 
stabilization of depolymerized structural plant litter can drive MAOM accumulation (Cotrufo 
et al., 2015). Indeed, the presence of cellulosic materials in MAOM has been confirmed 
through strong acid extractions designed to hydrolyze cellulose, as reviewed by Chantigny and 
Angers (2008). More specifically, Puget et al. (1999) used a strong-acid extraction of MAOM 
after prior removal of particulate organic matter to identify a glucose-dominated suite of 
carbohydrate monomers (suggesting cellulosic sources); by contrast, a weak-acid extraction 
targeting noncellulosic materials extracted smaller amounts of glucose and more balanced 
distributions of other carbohydrate monomers from the same MAOM. Although this work 
could not evaluate whether cellulosic material was physically protected or instead chemically 
bound within MAOM, it is likely that microbial activity will partially depolymerize structural 
polysaccharides such as cellulose into more soluble fragments, which would facilitate their 
incorporation into MAOM. 
In both nutrient-poor soils and later phases of decomposition, plant litter quality may 
have unexpected effects on MAOM. For example, if the concentration of lignin in plant litter 
is proportional to the release of lignin monomers during depolymerization and their subsequent 
retention in MAOM, then low-quality (i.e., high lignin) plant litters may lead to greater 
accumulation of plant-derived MAOM, potentially counterbalancing the lower accumulation 
of microbial-derived MAOM (as compared to high-quality litters). Alternatively, if 
depolymerization and retention of cutin, suberin, or lignin is higher in the presence of nutrients 
and labile substrates (Klotzbücher et al., 2011; Talbot et al., 2012), then high-quality plant 
10 
 
litters may lead to greater accumulation of both plant-derived and microbial-derived MAOM. 
Thus, to understand how plant litter quality impacts MAOM accumulation in some soils, 
research must clarify the factors that regulate retention of plant-derived biomolecules in 
MAOM.   
Ultimately, three main factors interact to determine the amount and stability of SOM: 
abiotic environment (microclimate and soil type), biological activity, and type of organic 
matter input (Kögel-Knabner & Amelung 2014). Given the potential for these factors to 
interact, our objective was to isolate the effect of organic matter input quality on the rate and 
efficiency of MAOM accumulation during the initial phase of decomposition when the rate of 
litter decomposition is most different across litter types. We incubated four plant litters in two 
soil types with and without the addition of a nutrient solution. We hypothesized that: i) high-
quality plant litters promote more efficient accumulation of MAOM-C and -N than low-quality 
plant litters; ii) nutrient addition, by similarly enhancing microbial C use efficiency, increases 
the proportion of litter that is transferred to MAOM; iii) MAOM in soils incubated with high-
quality litters has a greater proportion of microbial-derived carbohydrates than MAOM in soils 
incubated with low quality litters, and iv) because MAOM is stabilized due to physico-
chemical properties of minerals, neither plant litter quality nor nutrient addition affects the 
potential mineralization (i.e., stability) of litter-N accumulated in MAOM-N.  
Materials and Methodology 
Soil sampling and preparation 
Subsoils of two distinct soil series were sampled: a Clarion fine loam (mixed 
superactive, mesic Typic Hapludoll) located in Story County, Iowa (42°6’ N, 93°35’W) and a 
Fayette fine silt (mixed, superactive, mesic Typic Hapludalf) located in Fayette County, Iowa 
(42°56’ N, 91°46’W), both characterized by Soil Survey Staff-USDA-NRCS, (2006). Land 
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use was unfertilized perennial lawn turf grass (a mixture of C3 species) for > 10 years. At each 
location, subsoils were sampled from 50-100 cm depth and homogenized. This depth 
corresponded to a B horizon material (Soil Survey, USDA 2017). From here forward, the 
Clarion and Fayette sub-soils are referred to as ‘sandy loam’ and ‘silty loam’ respectively. The 
properties of the sandy loam soil were: pH, 7.1 (1:1 H2O); sand, 710 g kg
-1; clay, 160 g kg-1; 
silt, 140 g kg-1. The properties of the silty loam were: pH, 5.1 (1:1 H2O); sand, 320 g kg
-1; clay, 
320 g kg-1; silt, 370 g kg-1. Although soil mineralogy is well known to affect soil organic matter 
accumulation, the purpose of selecting two soil types in this study was to determine the relative 
size effect between plant litter quality versus soil type and whether or not there was an 
interaction between them. After sampling, the subsoils were air-dried to constant mass and 
passed through a 2-mm sieve. Two subsamples from each soil were taken, one for particle size 
analysis and one for chemical analyses (Table 1). These samples are henceforth referred to as 
‘whole soil.' The soils at the sampled depths did not contain measurable carbonates. 
Plant sampling and preparation 
Four plant litters comprised of leaves and stems were collected from the Iowa State 
University Agriculture Research Farm in Boone County, Iowa (42° 00 ’N; 93°46’ W). The 
litters included: alfalfa, maize, oat, and soybean. Plant litters were sampled to represent their 
biochemical composition when normally incorporated into soil and to maximize differences in 
litter quality, which varies throughout growth. Maize and soybean were sampled post-
senescence prior to harvest, while oat was sampled at the time it would be terminated if grown 
as a cover crop (before seed production and still green), and alfalfa was sampled after the third 
cutting in the second year of growth (when it would typically be plowed into the soil). Plant 
litter samples were oven dried at 60 °C for 48 h then ground to pass a 1-mm sieve.  
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Incubation  
We conducted a factorial experiment consisting of two soils (sandy loam and silty 
loam), four plant litters (maize, soybean, oat, and alfalfa), and two inorganic nutrient additions 
(with and without nutrient addition; see below), replicated four times. There were a total of 80 
samples including four replicate no-litter controls for each soil*nutrient combination.   
We followed the sieving/winnowing experimental procedure established by Kirkby et 
al. (2014). Samples were incubated for four, 46-day (d) cycles. The length of the cycle (46 d) 
was chosen based on a pilot study that determined the time required for CO2 production to 
reach an asymptote (Figure S2). At the beginning of each cycle, plant litter was added to the 
air-dried soil at a rate of 8.7 g C kg-1 dry soil and homogenized to minimize formation of 
microsites with high C concentration. The amount of plant litter-C added was calculated based 
on previous experiments (Martens, 2000). At the end of each 46-d incubation cycle, the soil 
was air-dried and the remaining litter was removed with winnowing which consists of using a 
gentle stream of air to remove low-density litters (Kirkby et al., 2013). This method allowed 
us to focus on the short-term effect of litter quality on the accumulation of mineral-associated 
organic matter (MAOM). Although this experimental design does not simulate natural 
conditions, it provides an opportunity to maximize microbial activity, accurately measure the 
quantity and chemistry of plant litter transferred to stable SOM, and isolate the effects of plant 
litter quality, soil type and nutrient addition (Kirkby et al., 2013, 2014; Zhu et al., 2017). 
Each sample (soil x plant litter x nutrient solution) was incubated in a 9.6 cm diameter 
x 7 cm high Buchner funnel. Glass fiber filter paper (Whatman GD, 90 mm in diameter), 
followed by glass wool and another glass filter paper were placed beneath the soil mixture. 
Each sample contained 100 g of dry soil, 0.869 g of plant litter-C and 50 g of non-native coarse 
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sand. The coarse sand was acid washed with 1 M HCl prior to the incubation and was added 
to maintain aeration. The soils were incubated at 70% water holding capacity based on a pre-
incubation study using both soil types without plant litter addition to determine their respective 
water holding capacity that maximized C mineralization. As a result, the volume of water 
added to each sub-soil differed. Although incubation at a common water potential would be 
ideal, we used this method (Robertson et al., 1999) because it serves as a relatively accurate 
proxy for water potential (Robertson et al., 1999; Castellano et al., 2010) and our research 
focus was litter quality rather than soil type. Thus, comparisons of absolute numbers across 
soil type (rather than relative differences) should be interpreted with caution. 
After initial soil wetting at the beginning of each of the four incubation cycles, half of 
the soil samples received a nutrient solution containing essential nutrients (1.0 mM K2SO4, 2.0 
mM KH2PO4, 1.0 mM MgSO4, 2.0 µM MnSO4, 2.0 µM ZnSO4, 0.5 µM CuSO4, 14 mM 
NH4NO3, 4.0 mM CaCl2, 25 µM H3BO3, 0.5 µM Na2MoO4). The solution was designed to 
prevent nutrient limitation of microbes during long-term incubations (Nadelhoffer, 1990).  
Samples were incubated in the dark at 24 °C and 50-60% relative humidity. Water 
holding capacity was maintained throughout each incubation cycle by monitoring the change 
in mass of each sample and adjusting the mass loss by the addition of deionized water or 
nutrient solution every other day.  
During each of the four 46-d incubations, soil CO2-C production was measured with 
an infrared gas analyzer (LiCOR, Lincoln, NE, USA). Measurements were made daily in the 
first eight days (0-7 d), then every three days (10, 13, 16 d), and finally every ten days (26, 36, 
46 d) for all four incubation cycles. Before each measurement, the incubating soil was placed 
in a closed container, and the increase in CO2-C concentration in the headspace of the container 
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was converted into a efflux, as the instantanous respiration (i.e., mg CO2-C kg soil day
-1). 
Cumulative CO2-C emissions from each 46-d incubation cycle were calculated from individual 
efflux measurements using linear interpolation and summed across all four 46-d cycles (184-
d), and converted into a cumulative eflux. To account for plant litter vs. native soil C 
mineralization, we subtracted CO2 effluxes from no-litter controls for each corresponding soil 
type x nutrient treatment. This allowed us to account for the decomposition of native soil C, 
especially in low-nutrient soils (Fontaine et al., 2004; Kirkby et al., 2013). Plant litter C not 
mineralized to CO2 or transferred to MAOM was removed by winnowing and considered as 
particulate organic matter. 
Soil and plant analyses 
A 15-g subsample was taken from each soil prior to the incubation study and at the end 
of the fourth incubation cycle (i.e., initial and final conditions). These soil subsamples were 
air-dried and residual litter was removed by winnowing. The subsamples were then passed 
through a 2-mm sieve and mixed with sodium hexametaphosphate solution at a ratio of 3 (45 
ml of solution): 1 (15 g of soil), and shaken for 2 h in a reciprocating shaker at 120-
reciprocations per minute. The shaken solution was then passed through a 53 µm sieve to 
separate the < 53 µm fraction, henceforth referred to as the mineral associated organic matter 
‘MAOM soil fraction.' The MAOM and > 53 µm soil fractions were oven-dried at 60 °C for 
48 h. The dried MAOM fraction was finely ground and used for chemical analyses. For a subset 
of samples, the > 53 µm soil fraction was further fractionated by density using sodium-
polytungstate with a density of 2.0 g cm-3. We then recovered the ‘light’ fraction (density < 
2.0 g cm-3) of the > 53 µm soil fraction, which contained the partially undecomposed plant 
litter (henceforth referred to as ‘residual plant litter'). Density fractionation of the > 53 µm soil 
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fraction was only done in sandy loam samples amended with maize and oat litter without 
nutrient solution, due to time constraints. 
The original plant litters, whole soil, and the MAOM soil fraction prior to the 
incubation and at the end of the fourth cycle were analyzed for organic C, total N, 13C natural 
abundance, carbohydrate monomers, and phenolic monomers as described below. The residual 
plant litters collected at the end of the fourth incubation cycle were analyzed only for phenolics. 
Organic C and N were analyzed with an elemental analyzer interfaced to an isotope 
ratio mass spectrometer. Carbohydrate monomers were determined according to Martens and 
Frankenberger (1990) as adapted by Martens and Loeffelmann (2002). Specifically, soil and 
plant litter samples were extracted by a sequential hydrolysis of increasing strength, first by 
adding a weak-acid solution 6 M sulfuric acid (H2SO4), for 30 min, then diluting to 1 M and 
autoclaving for 30 min at 121 oC (extract hereafter referred as ‘weak-acid solution’). The soil 
residue was dried overnight and then extracted with a strong-acid solution 18 M H2SO4 for 30 
min, followed by dilution to 1.5 M and autoclaving for 30 min (extract hereafter referred as 
‘strong-acid solution’). Following centrifuging to isolate the supernatants from the soil 
residues, both solutions were neutralized to pH 7.0 with NaOH, then diluted and analyzed 
using a high-performance anion exchange chromatograph, followed by detection through triple 
pulsed amperometry (Model ICS-5000, Dionex, Sunnyvale, CA). The weak-acid solution is 
used to extract monosaccharides such as fucose, rhamnose, arabinose, galactose, glucose, 
mannose, and xylose (Chantigny & Angers, 2007). We refer to the sum of the weak-acid 
extractable monosaccharides as the ‘hemicellulose index.' The strong-acid solution is often 
equated to cellulosic glucose, so glucose in this extract is henceforth referred to as ‘cellulose 
index.', although Chantigny and Angers (2007) caution that some of this glucose can also be 
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of non-cellulosic origin. The ratio of (galactose + mannose) / (arabinose + xylose) was used as 
to describe the relative significance of microbial versus plant sources for the carbohydrates 
present in the soil (Cheshire, 1977; Murayama, 1984; Oades, 1984). The sum of cellulose- and 
hemicellulose indices is henceforth referred to as ‘total carbohydrates’. The mass of C in total 
carbohydrates and all single monosaccharides was normalized to soil C mass measured in the 
MAOM soil fraction (i.e., g carbohydrates kg-1 soil C). 
Phenolic compounds were analyzed in whole soil, MAOM, plant litter samples prior to 
the incubation study, and residual plant litter at the end of the fourth 46-d incubation cycle. 
Lignin phenolic analyses of residual plant litters were limited to sandy loam amended with 
maize and oat litters due to time constraints. Lignin phenol content was analyzed before and 
after the incubation with the alkaline CuO oxidation method following Hedges and Mann 
(1979) as modified by Filley et al. (2008) and quantified by gas chromatography using a flame 
ionization detector (GC). Samples were derivatized through silylation with N,O-
bis(trimethylsilyl)trifluoracetamide. An absolute recovery standard (3,4-dimethoxybenzoate) 
was added to the samples during the derivatization process. Ethyl vanillin had been added 
during the extraction as an internal standard. The total yield of phenolic compounds henceforth 
referred to as ‘total lignin’ was defined as the sum of vanillyl- (V), syringyl- (S), and cinnamyl– 
(C) based lignin derivatives (Hedges and Mann, 1979; Filley et al., 2008). We used ratios of 
these derivatives as proxies for the extent of lignin decomposition (C/V and S/V) as well as 
Acid-to-Aldehyde (Ac/Al) such as vanillic acid to vanillin [(Ac/Al)v] and syringic acid to 
syringealdehyde [(Ac/Al)s]. For instance, higher (Ac/Al(v and (Ac/Al)s ratios suggests a 
higher decomposition (Filley et al., 2008), whereas, lower ratios of C/V and S/V indicate 
greater lignin decomposition, due to the preferential degradation of cinnamyl and syringyl vs. 
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vanillyl (Otto & Simpson, 2006). As suggested by Hedges and Parker (1976), we did not 
consider p-hydroxyl phenolics in our results because they can also be derived from non-lignin 
sources.  
Estimation of the change in soil carbon in the MAOM soil fraction 
The change in soil C in the MAOM fraction, from the beginning to the end of the 
incubation cycles, was measured by two methods. The first method used a two-pool δ13C 
isotope ratio mixing model of the soil and plant litter to calculate the fraction of soil C derived 
from plant litter-C in the MAOM (Caccum) and later converted into the amount of C accumulated 
by multiplying with the total amount of C present in the incubated soil: 
Caccum = [(δ13C incubated soil - δ13C soil) / (δ13C plant - δ13C soil)] x Total soil C               (1) 
where δ13C incubated soil is the δ13C at the end of the 4th cycle of the incubation study, δ13C 
soil and δ13C plant are the δ13C values of the MAOM and plant litter prior to the incubation, 
respectively. This was possible because δ13C varied across plant litters from -11.81 to -30.68 
δ13C and MAOM from -17.73 to -20.60 δ13C (Table 1). The second method calculated the 
accumulation of soil organic C and N from the difference in concentration in the MAOM soil 
fraction from the beginning to end of the incubation cycles. This method allowed the 
calculation of accumulated N as well as the C/N ratio of accumulated SOM. From here 
forward, the first method is referred as ‘δ13C two-pool mixing model’, and the second as ‘direct 
measurement’.  
We estimated the efficiency of litter-C to MAOM-C transfer as: Cmin / (Cmin + MAOM-Caccum) 
where Cmin is the total amount of mineralized litter C across the four 46-d incubations and 
MAOM-Caccum is the total amount of litter-C that accumulated during the four 46-d 
incubations.  
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Potential N mineralization  
To assess potential N mineralization of accumulated MAOM-N (i.e., post-incubation 
stability), we conducted a short-term anaerobic incubation at the end of the 4th incubation cycle 
according to Schomberg et al. (2009). After winnowing of residual litter, a 5-g soil subsample 
was mixed with 12.5 mL of water in a tube to purge all the air and to ensure anaerobic 
conditions. The temperature was maintained at 40 °C for seven days. At the end of the 
incubation, samples were extracted with 4 M potassium chloride (KCl). Soil ammonium-N 
(NH4
+-N) was measured in microplates using the Berthelot reaction, and measured by visible 
light spectrophotometry according to Hood-Nowotny et al. (2010). Potentially mineralizable 
N (PMN) was calculated as the change in the concentration of NH4
+-N (i.e., incubated minus 
initial).  
Statistical Analysis 
Statistical analyzes were performed using SAS software version 9.4 (SAS Institute, 
Cary, NC, USA). Effects of soil type and plant litter quality with or without nutrient addition 
were assessed using an analysis of variance (PROC GLM). When the analysis of variance 
detected a statistical significance at α = 0.05 level, Tukey’s pair-wise multiple comparison tests 
was performed to identify which treatments were significantly different.   
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Results 
Soil and plant litter pre-incubation  
The sandy loam and silty loam soils had similar C concentrations, but very different 
C/N ratios (Table 1). Relative to the whole soil, the fine mineral soil fraction (i.e., MAOM) 
had lower δ13C, lower C/N ratio, and greater ratio of microbial-to-plant derived carbohydrates. 
The MAOM accounted for 47% of whole soil C in the sandy loam soil and 57% of the whole 
soil C in the silty loam soil.  
Maize and soybean litters had higher C/N ratios and lower N concentrations than oat 
and alfalfa litters (Table 1). The C/N ratio of maize and soybean litters were approximately 
four-times higher than oat and alfalfa litters. The concentration of carbohydrates in plant litters 
differed from highest to lowest: maize > oat > soybean > alfalfa (Table 1).  
Measurement of C accumulation in MAOM: A methods comparison 
There was a strong correlation between C accumulation in MAOM as measured by the 
δ13C two-pool mixing model and the direct methods (R = 0.99, P < 0.001; Figure S1). The 
slope of the best-fit linear relationship did not differ from 1:1 with or without y-intercept 
forcing through zero. Thus, from here on, we use the direct method.   
Carbon mineralization 
Carbon mineralization was affected by litter quality, soil type, and the interaction of 
these factors with nutrient addition (Table 2). The effect of nutrient addition was small and 
inconsistent. In contrast, C mineralization differed by 94% across plant litters and 47% across 
soil types. In contrast, C mineralization differed across nutrient additions by only 2% (Figure 
S2). Moreover, neither the interaction between soil type and nutrient addition nor the 
interaction between plant litter quality and nutrient addition were significant. Therefore, we 
focused on the two-way interaction between soil type and plant litter quality, which had a large 
effect on C mineralization (Table 2). Mean cumulative C mineralization from silty loam was 
almost double that of sandy loam (5.24 vs. 3.23 g C kg-1 whole soil; Table 2).  
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However, mean cumulative C mineralization of soils incubated with oat and alfalfa 
litters was almost triple that of soils incubated with maize and soybean litters (6.22 vs. 2.25 g 
C kg-1 whole soil; Table 2).  
Carbon and nitrogen accumulation in the MAOM soil fraction  
Litter quality had the greatest effect on C accumulation in MAOM per g of litter-C 
added. Although significant, the effect of nutrient addition and its interaction with soil type 
was relatively small. The amount of MAOM-C accumulated per unit of litter-C added differed 
by 46% across litter types, 7% across soil types, and 10% across nutrient additions (Figure S3). 
Amendment with oat and alfalfa litters led to greater MAOM-C accumulation per g of litter-C 
added compared to the maize and soybean litters (0.11 vs. 0.07 g MAOM-C accumulated g-1 
litter-C addition; Table 2). Nutrient addition reduced C accumulation in MAOM across all 
litters except alfalfa where it had no effect (Figure S3). Litter quality also had the greatest 
effect on N accumulation in MAOM per g of litter-N. Similar to C, the amendment of oat and 
alfalfa litters led to greater MAOM-N accumulation per g of litter-N added compared to maize 
and soybean litters.   
Although soil type, plant litter quality, and nutrient addition interacted to affect the C/N 
ratio of accumulated MAOM, litter quality had the greatest effect (Table 2). Similar to C 
mineralization and C accumulation in MAOM, the effect of nutrient addition on the C/N ratio 
of accumulated MAOM was small compared to soil type (12%) and plant litter quality (127%). 
The C/N ratio of accumulated MAOM was greater in the silty loam than sandy loam, and 
decreased in both soil types in the following order: soybean > maize > oat > alfalfa (Table 2).  
Carbon mass balance 
On a whole soil basis, most of the added plant litter-C was located in the residual plant 
litter pool that was removed by winnowing at the end of each incubation cycle (neither 
mineralized nor transferred to the MAOM soil fraction). On average, this pool accounted for 
75% of the C addition (Figure 1) despite the fact that the rate of C mineralization at day 46 of 
the incubation cycles was <5% of the initial rate and was no longer affected by litter quality 
(Figure S2). The amount of removed plant litter differed among soil types: the sandy loam had 
8% more residual plant litter-C than the silty loam (Figure 1). Maize and soybean litters had 
greater amounts of residual plant litter-C than oat and alfalfa.  
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The proportion of plant litter-C accumulated in the MAOM per kg of whole soil was affected 
by plant litter quality more than soil type (Figure 1).  
Soils amended with oat and alfalfa litters accumulated more MAOM-C than 
amendments with soybean and maize litters (Table 2). However, the efficiency of MAOM-C 
accumulation (g accumulated MAOM-C g mineralized C-1) was greater for soybean and maize 
litters than oat and alfalfa litters (Figure 2), and there was a large effect of soil type: sandy 
loam accumulated more MAOM-C per unit of C mineralized compared to the silty loam. The 
pattern of MAOM-C accumulation across litters was the same in both soil types and nutrient 
additions. The nutrient addition had a smaller effect on the amount of MAOM-C that 
accumulated per unit of C mineralized. Accumulation of MAOM-C was approximately 11% 
lower with nutrient addition than no-nutrient addition for oat, maize and soybean litters (Figure 
S5).  
Carbohydrates in MAOM  
Overall, soils amended with maize and soybean litters had higher concentrations of 
monosaccharides and total carbohydrates in MAOM than did the soils amended with oat and 
alfalfa litters (i.e., g carbohydrates kg-1 soil C; Table 3). For example, cellulosic indices in both 
soils amended with maize and soybean litters (86.55 ± 10.59 g kg-1 soil C) were higher than 
soils amended with oat and alfalfa litters (32.97 ± 9.44 g kg-1 soil C). Moreover, the cellulose 
index in sandy loam amended with soybean was 34% higher than silty loam amended with 
soybean (Table 3). The hemicellulose index was only affected by plant litter quality. Soils 
amended with soybean and maize litter had higher hemicellulose indices than did soils 
amended with oat and alfalfa (Table 3). Nevertheless, the ratio of microbial- to plant-derived 
carbohydrates was affected only by plant litter quality and was greater in oat, alfalfa, and 
soybean than maize, on average 0.61 vs. 0.39, respectively (Table 3). 
Phenols and total lignin content of residual plant litter 
Comparisons of lignin at the end of the fourth 46-d incubation were limited to maize 
and oat in the sandy loam soil. The total amount of lignin (i.e., the sum of syringyl, cinnamyl, 
vanillyl) in residual plant litter collected by density floatation at the end of the fourth incubation 
cycle, and the comparison among phenol monomers (e.g., C/V, S/V, C/SVC, Ac/Al(s), were 
all affected by plant litter quality (Table 4). For example, the total lignin content measured in 
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residual maize litter was two times higher than residual oat litter (12.25 versus 6.80 g phenol 
kg-1 residual plant litter respectively; Table 4). Moreover, the C/V, S/V and C/SVC ratios (P< 
0.05 for all) were higher in maize compared to oat litters (Table 4), whereas, the Ad/Al(s) ratio 
(P< 0.05) was higher in oat compared to maize litter.  
Potential nitrogen mineralization  
Amendment of oat and alfalfa litters led to seven times more accumulation of MAOM-
N than ammendment of maize and soybean litters (Table 2). However, after winnowing of 
residual litter, a greater proportion of accumulated MAOM-N in soils amended with oat and 
alfalfa litters was mineralizable than soils amended with maize and soybean litters (0.19 to 
0.06 mg N mineralized mg-1 accumulated MAOM-N; Figure 3). The amount of potentially 
mineralizable N per amount of N accumulated in MAOM soil fraction (i.e., mg N mineralized 
mg-1 MAOM-N accumulated) was affected by soil type, plant litter quality and its interaction 
with nutrient-addition (P < 0.05). Per unit of MAOM-N accumulated, sandy loam mineralized 
more N than silty loam with or without nutrient addition (0.15 vs. 0.11 mg N mineralized mg-
1 MAOM-N accumulated). Similar to C mineralization and accumulation in MAOM, the effect 
of nutrient addition on mineralization of accumulated MAOM-N was significant yet small; 
nutrient addition led to slightly less N mineralization (0.13 vs. 0.12 mg N mineralized mg-1 
MAOM-N accumulated). 
Discussion 
Plant litters with high rates of mineralization (high quality litters) than plant litters with 
low rates of mineralization (low-quality litters). Therefore, plant litter quality can also exert 
large effect on SOM stabilization, yet there is great uncertainty about how litter quality 
interacts with microbial activity to control SOM stabilization. In contrast to well-developed 
theory, there is no consistent effect of litter quality on SOM stabilization (Castellano et al., 
2015). We conducted a highly controlled experiment to help determine how litter quality 
affects C flows and SOM stabilization in the early phases of decomposition when litter quality 
has the greatest effect on decomposition rate.  
Although high quality litters led to greater accumulation of MAOM, they also released 
more CO2. Consequently, the efficiency of MAOM accumulation was lower for high quality 
litters (Figure 2).  
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This result is partly consistent with the “Microbial Efficiency-Matrix Stabilization 
(MEMS)” framework (Cotrufo et al., 2013).  
High quality litters led to greater litter-C transfer to the mineral soil matrix (Table 2), but not 
when normalized by litter-C mineralization (Figure 2).  
Traditional ecological concepts suggest low quality litters with slow decomposition 
rates promote the accumulation of plant compounds in SOM that are inherently chemically 
resistant to decomposition (Prescott, 2010). In contrast, later observations led to a new 
conceptual model of SOM stabilization that emphasized the role of microbial growth and 
activity. Initially, this model hypothesized that the role of microbes in SOM stabilization was 
limited to a single pathway where the production of microbial necromass drives the 
accumulation of MAOM (Grandy & Neff, 2008) and, as a result, high quality litters lead to 
greater accumulation of MAOM because they maximize microbial growth and activity 
(Cotrufo et al., 2013). As a corollary, these concept models also predicted that the chemical 
composition of MAOM should be similar across different litter chemistries because the SOM 
stabilized in MAOM passes through a ‘microbial filter’ (Melillo et al., 1989; Grandy & Neff, 
2008; Cotrufo et al., 2013). Our observation of greater MAOM accumulation in soils amended 
with relatively high quality oat and alfalfa litters are partly consistent with this prediction.  
However, high quality litters in our study actually had less MAOM accumulation per 
g of respired C (Figure 2), perhaps reflecting that MAOM accumulation was largely driven by 
differences in the rates of litter depolymerization across litter types rather than differences in 
the fate of depolymerized litter and its utilization by microbes. Further, this result suggests that 
microbial C use efficiency (CUE) in our experiment might not have been higher during 
microbial metabolism of the higher quality litters, a central tenet of the MEMS framework 
(Cotrufo et al., 2013). Alternatively, the lower efficiency of MAOM accumulation from higher 
quality litters (g MAOM accumulation g-1 of respired C) might occur if higher quality litters 
lead to greater mineralization of microbial biomass and byproducts that were initially derived 
from plant litter, but then recycled prior to accumulation in MAOM. In other words, even if 
the microbial CUE of plant substrates is higher for high quality litters, faster turnover of those 
microbial communities or tighter internal recycling of microbial necromass could lead to 
proportionally lower retention of litter-derived C over time.   
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More recently, the hypothesized role for microbial metabolism in SOM stabilization 
has been expanded beyond the microbial filter hypothesis to include two distinct pathways for 
the stabilization of plant- and microbial-derived molecules. Liang et al. (2017) categorize these 
pathways as ex vivo modification and in vivo turnover. Codification of these pathways offers 
new opportunities to explain the direct stabilization of plant-derived compounds in MAOM as 
well the inconsistent effect of litter quality on SOM stabilization. In the ex vivo modification 
pathway, extracellular enzymes release depolymerized products of plant compounds that are 
not readily assimilated by microbes and thus susceptible to rapid stabilization in MAOM. In 
contrast, in the in vivo turnover pathway, microbes assimilate plant-derived organic matter and 
synthesize new organic C-compounds that are subsequently stabilized in the mineral soil 
matrix. Although in vivo turnover appears to be the dominant pathway in many soils, there is 
empirical evidence for the existence of both pathways (Miltner et al., 2012; Gillespie et al., 
2014; Angst et al., 2017).  
In this study, large differences in C/N ratio of accumulated MAOM (Table 2) provide 
strong support for the existence of both stabilization pathways, suggesting that litter quality 
can control the relative importance of each stabilization pathway as well as the chemical 
composition and stability of MAOM. The low-quality maize and soybean litters produced 
MAOM with a C/N ratio > 20, which is indicative of a direct plant source. In contrast, the high-
quality oat and alfalfa litters produced MAOM with a C/N ratio < 5, which is indicative of a 
microbial source (Table 2). Carbohydrate and lignin data were largely consistent with these 
generalizations. Although ratios of microbial- and plant-derived carbohydrate monomers 
suggested most carbohydrates in MAOM were plant-derived, the MAOM in maize-incubated 
soils was significantly more plant-derived than other litters (Table 3). Moreover, cellulose and 
hemicellulose indices as well as total carbohydrates of post-incubation MAOM were greater 
for low quality maize and soybean than high quality oat and alfalfa. These differences occurred 
despite the fact that oat and alfalfa treatments accumulated more MAOM than maize and 
soybean albeit less efficiently. Although our comparison of post-incubation lignin 
concentrations in MAOM was limited to sandy loam soils incubated with low quality maize 
and high quality oat litters, these data indicate that lignin was an important contributor to 
MAOM in only the maize treatment (Table 4). 
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Together, these patterns complement previous research that demonstrates MAOM can 
represent a diverse pool of organic compounds, and the source of MAOM can differ with litter 
chemistry (Quideau et al., 2001; Stewart et al., 2011; Gillespie et al., 2014).  
In addition to the direct stabilization of plant biomolecules on mineral surfaces, 
microbial-derived extracellular polysaccharides (EPS) could contribute directly or indirectly 
to the biomolecules we measured in MAOM. The microbial EPS could be chemically 
stabilized on mineral surfaces or promote physical protection of plant biomolecules within 
mineral particles (i.e., aggregation) that we were unable to disperse (Chenu, 1993). Similarly, 
inorganic N could contribute to the N we measured in MAOM (Christensen & Schjonning, 
2004). However, measurements of NH4
+ pools in 2M KCl extracts for potential N 
mineralization assays indicate that the NH4
+ pool in MAOM was small (<5% of accumulated 
MAOM-N) and did not consistently differ across litter types. Moreover, less than 12% of the 
accumulated MAOM-N was potentially mineralizable.  
Nevertheless, despite the low potential mineralization of accumulated MAOM-N, 
relative differences in potential N mineralization across litter types were consistent with the 
differences in MAOM chemistry and concentration across litter types, leading us to reject the 
hypothesis that MAOM would be similarly resistant to mineralization across all litter types. 
The MAOM-N that accumulated in maize and soybean treatments had lower potential N 
mineralization (both absolute and per mass of accumulated MAOM-N; Figure 3). Given the 
different C/N stoichiometries and biomolecular compositions of accumulated MAOM in maize 
and soybean vs. oat and litter treatments, this pattern is consistent with well-known controls 
on litter decomposition and N mineralization independent from the mineral soil matrix: litters 
with high C/N ratios and structural compounds decompose relatively slowly (Parton et al., 
2007).  
With the exception of alfalfa, the treatments that received nutrient additions 
accumulated less MAOM (Figure S4 & S5). These results extend microbial ‘N mining’ theory 
(Moorhead & Sinsabaugh, 2006) from litter decomposition to the stabilization of MAOM. 
Despite the wide range of litter C/N ratios and biomolecular composition across oat, maize and 
soybean treatments (Tables 2-4), nutrient addition consistently suppressed the accumulation of 
MAOM. In these nutrient poor soils, it is likely that microbes respond to nutrient limitation by 
increasing the mineralization of litter in search of nutrients rather than energy; in contrast, 
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when nutrients are sufficient, microbes do not decompose relatively low- or zero-energy 
substrates (Craine et al., 2007; Moorhead & Sinsabaugh, 2006). Thus, the suppression of litter 
depolymerization may have suppressed the accumulation of MAOM. We hypothesize that the 
suppressive effect of nutrient addition on SOM stabilization in the mineral soil matrix may be 
most important in soils where ex vivo modification (i.e., depolymerization of plant 
biomolecules) is a significant contributor to MAOM; this could explain why nutrient additions 
did not influence MAOM accumulation with amendment by high-quality alfalfa, which 
probably led to MAOM formation predominately via the in vivo pathway.  
Thus, the occurrence of microbial N mining may provide insight about the relative 
importance of ex vivo modification and in vivo turnover pathways to SOM stabilization. 
Nutrient addition has been shown to increase, decrease or have little effect on the accumulation 
of MAOM (Gentile et al., 2011; Bradford et al., 2013; Kirkby et al., 2013; Creamer et al., 2014; 
Gillespie et al., 2014). In soils with low SOM stocks, nutrient addition may reduce the absolute 
amount and relative importance of ex vivo modification such that microbes do not 
depolymerize plant structural compounds and thus these compounds are not stabilized in 
MAOM. In contrast, in soils with high SOM stocks and large pools of available energy, the 
addition of nutrients may increase microbial biomass and turnover, thus increasing the absolute 
amount and relative importance of in vivo turnover. Interactions between litter quality and the 
indigenous pool of MAOM may control the outcome.  
Conclusions 
Litter quality had a strong effect on MAOM accumulation that was consistent across 
soil type and nutrient addition. However, we observed several unexpected effects of litter 
quality on MAOM accumulation. Litters with rapid mineralization rates led to greater, but less 
efficient accumulation of MAOM (Figures 1 & 2). Moreover, the MAOM that accumulated 
from litters with rapid mineralization rates was less stable than MAOM that accumulated from 
litters with slow mineralization rates (Figure 3). Plant-derived carbohydrates were significant 
contributors to MAOM (Table 3), adding to a growing number of reports that demonstrate 
MAOM often contains substantial amounts of plant biomolecules (Gillespie et al., 2014; 
Sanderman et al., 2014; Cotrufo et al., 2015; Angst et al., 2017).  
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Greater accumulation of MAOM in soils without nutrient addition suggest plant 
biomolecules may be particularly important contributors to MAOM in nutrient-poor 
environments where microbes depolymerize large amounts of plant compounds in search of 
nutrients.   
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Tables and Figures 
Table 1. Soil and plant properties prior the incubation. 
Type 
δ13C 
(VPDB) 
Organic 
C 
Total 
N 
Total 
Carbohydrates 
Total 
Lignin 
C/N 
ratio 
(galactose + 
mannose) / 
(arabinose 
+ xylose)1 
        
Whole soil   g kg-1 whole soil      
  Sandy loam -13.46 2.48 0.22 1.56 0.29 11.46 0.36 
  Silty loam -19.49 2.58 0.4 1.81 0.8 6.46 0.43 
MAOM2   g kg-1 soil<53 µm      
  Sandy loam  -17.73 4.06 0.47 1.21 0.15 8.72 0.92 
  Silty loam  -20.6 2.87 0.39 0.88 0.48 7.29 1.05 
Plant litter   g kg-1 litter      
  Maize -11.81 437 5.6 197 38.2 77.98 0.06 
  Soybean -28.08 452 5.09 156 31.2 88.65 0.23 
  Oat -30.68 387 17.27 172 12.55 22.42 0.09 
  Alfalfa -30.38 418 25.31 131 15.81 16.53 0.38 
(1) Lower ratios indicate more microbial-derived carbohydrates.  
(2) Mineral-associated organic matter. 
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Table 2. Cumulative C mineralization, C and N accumulation in MAOM soil fraction and the C/N ratio of accumulated MAOM 
at the end of the fourth 46-d aerobic incubation. Data are means of the nutrient treatment (n=8, ± standard error). Significant 
differences marked by different case letters (P < 0.05). Lower case letters correspond to the interaction of soil type and litter 
quality, and upper case letters correspond to the effect of plant litter quality. 
Soil type 
Plant 
litter 
Cumulative C 
mineralization (g CO2-C kg-
1 whole soil) 
Carbon accumulation 
(g MAOM-C g-1  
litter-C addition) 
Nitrogen accumulation 
(g MAOM-N g-1  
litter-N addition) 
C/N ratio of 
accumulated 
MAOM 
Sandy loam     
 Maize 1.68 (0.05)f 0.07 (0.00)C 0.26 (0.01)c 16.63 (0.40)d 
 Soybean 0.91(0.02)g            0.07 (0.00)C 0.26 (0.01)c 23.00 (0.38)b 
 Oat 5.99 (0.16)b            0.10 (0.01)B 0.38 (0.02)b  5.38 (0.07)e 
 Alfalfa 4.35 (0.10)c 0.12 (0.00)A   0.41 (0.01)ab 4.88 (0.11)e 
 Mean             3.23 (0.83)            0.09 (0.01)             0.33 (0.01)     12.47 (3.14) 
Silty loam        
 Maize 3.77 (0.05)d 0.06 (0.00)C 0.20 (0.02)d 20.49 (0.66)c 
 Soybean 2.64 (0.05)e 0.07 (0.00)C 0.22 (0.02)d 26.68 (1.27)a 
 Oat 8.71 (0.14)a 0.09 (0.00)B 0.38 (0.01)b   4.76 (0.08)e 
 Alfalfa 5.84 (0.05)b 0.12 (0.00)A 0.43 (0.02)a   4.48 (0.08)e 
  Mean             5.24 (0.94)            0.08 (0.01)             0.31 (0.02)      14.10 (3.97) 
Factor P-value  
Soil type (S) <0.001   0.014   0.027 <0.001 
Plant litter (P) <0.001 <0.001 <0.001 <0.001 
Nutrient (Nut.)   0.065 <0.001   0.002   0.027 
S x P <0.001   0.498   0.002 <0.001 
S x Nut.   0.513   0.021   0.001 <0.001 
P x Nut.   0.760   0.478   0.306   0.003 
S x P x Nut. <0.001   0.240   0.063 <0.001 
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Table 3. Carbohydrate concentrations of the MAOM soil fraction of samples with no nutrient addition after the four incubation 
cycles. Lowercase letters indicate the two-way interaction between soil type and plant litter was no significant. Uppercase letters 
indicate the two-way interaction was significant and thus the letters are comparing means (n= 4, ± standard error) across both litter 
and soil types (pairwise t-test with Tukey-adjustment, P < 0.05). Soil type effect on mannose was higher in silty loam than in the 
sandy loam samples (P < 0.05). 
Soil 
type  
Plant 
litter 
Galactose Mannose Arabinose Xylose 
Cellulose 
Index 
Hemicellulose 
Index 
Total 
Carbohydrates 
(galactose + 
mannose) / 
(arabinose 
+ xylose)§ 
  g kg-1 soil C    g kg-1 soil C  
Sandy loam         
 Maize 35 (1.9)b 15 (0.7)b 41 (3.1)a 61 (9.8)a  85 (5.6)B 260 (17.2)a 345 (18.7)a 0.42 (0.04)b 
 Soybean 51 (2.3)a 22 (0.5)a 40 (0.8)b 57 (3.2)a 116 (7.4)A      280 (8.8)a 396 (11.2)a 0.63 (0.03)a 
 Oat 27 (1.1)c 13 (0.4)b 36 (1.4)b 23 (0.6)b   13 (4.7)C      212 (3.4)b      225 (7.8)b 0.57 (0.01)a 
  Alfalfa 26 (2.7)c 15 (0.2)b 27 (2.5)c 26 (3.5)b   45 (9.6)C  169 (16.4)b 214 (17.3)b 0.65 (0.03)a 
Silty loam         
 Maize 38 (1.5)b 17 (1.3)b 47 (1.8)a 81 (2.9)a   76 (3.5)B 317 (7.4)a      393 (9.5)a 0.36 (0.02)b 
 Soybean 50 (4.9)a 26 (2.4)a 38 (3.6)b 59 (5.5)a   68 (3.0)B   314 (16.3)a 382 (11.1)a 0.64 (0.01)a 
 Oat 28 (2.2)c 16 (1.2)b 36 (2.9)b 26 (3.2)b   20 (1.0)C   216 (10.1)b 237 (10.9)b 0.60 (0.02)a 
  Alfalfa 21 (9.8)c 17 (1.9)b 29 (4.2)c 28 (3.6)b   52 (4.9)C  164 (17.5)b 217 (11.9)b 0.55 (0.13)a 
Factor  P-value 
Soil type (S) 0.868   <0.010 0.316 0.055      0.146 0.193         0.495      0.330 
Plant litter (P)    <0.001   <0.001    <0.001    <0.001    <0.001        <0.001       <0.001    <0.001 
S x P 0.724     0.966 0.498 0.208  0.036* 0.581         0.649      0.437 
(§) The ratio of microbial- vs. plant-derived carbohydrate was calculated dividing (galactose + mannose) by (arabinose + xylose) as 
suggested by Cheshire (1977), Murayama (1984) and Oades (1984). For instance, if ratio values around 0.5 would suggest origins of plant- 
or close to 2 as microbial-derived carbohydrates (Palazzo et al., 2008).  
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Table 4. Mean concentrations and molecular parameters of lignin phenols in the pre- and post-incubation mineral-associated 
organic matter and plant litter prior to incubation, and at the end of 4th 46-d aerobic incubation (n=4). Values followed by a 
different letter are significantly different at P > 0.05.  
Type 
Vanillyl 
(V) 
Syringyl 
(S) 
Cinnamyl 
(C) 
Total 
Lignin 
C/V S/V C/SVC Ac/Al(v) Ac/Al(s) 
 Plant litter (g phenol kg-1 plant litter)      
Maize 9.65 11.34 17.2 38.2 1.78 1.17 0.45 0.14 0.29 
Oat 4.93 2.74 4.89 12.55 0.99 0.56 0.39 0.31 0.72 
 Pre-incubation mineral-associated organic matter (g 
phenol kg-1 soil <53 µm) 
     
Sandy loam 0.06 0.06 0.03 0.15 0.41 0.94 0.17 0.11 0.71 
 Post-incubation mineral-associated organic matter (g 
phenol kg-1 soil <53 µm) 
     
Sandy loam + 
Maize 
0.1 0.04 0.06 0.2 0.63 0.39 0.31 1.71 7.05 
Sandy loam + Oat 0.08 0.05 0.03 0.16 0.41 0.63 0.2 0.8 2.12 
 Post-incubation residual plant litter (g phenol kg
-1 
plant litter) 
     
Sandy loam + 
Maize 
2.87 4.15 5.23a 12.25a 1.85a 1.43a 0.43a 0.13 0.38b 
Sandy loam + Oat 2.49 2.59 1.72b 6.80b 0.69b 1.04b 0.25b 0.15 0.69a 
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Figure 1. Distribution of litter carbon in three fractions determined at the end of the fourth 
incubation cycle. Residual plant litter (white bar), MAOM-carbon (light gray bar), and 
mineralized-carbon (dark gray bar). Present mean values (n= 8) pooled across the two nutrient 
addition treatments (without and without nutrient addition) due to the small effect of nutrient 
addition (Table 2). 
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Figure 2. Amount of plant litter-C accumulated in the MAOM soil fraction per unit of C 
mineralized at the end of the fourth incubation cycle. Present mean values ± standard error (n= 
8) pooled across the two nutrient addition treatments (without and without nutrient addition) 
due to the small effect of nutrient addition (Table 2). Significant differences between 
treatments are marked by different lowercase letters (P < 0.001) according to Tukey’s least 
significant difference test.  
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Figure 3. Potentially mineralizable nitrogen at the end of the fourth 46-day incubation after 
winnowing of residual litter addition. Mean values (n=8, ± standard error) reported for each 
plant litter and soil type combination averaged across the nutrient treatments. Significant 
differences between treatments are marked by different lowercase letters (P < 0.05) according 
to Tukey’s least significant difference test. 
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Supporting Information 
 
 
Figure S1. Comparison between the two-pool isotopic mixing model (y-axis) and change-in-
carbon concentration over time methods (x-axis) to determine the accumulation of C in the 
MAOM soil fraction (<53 µm). Each point represents a replication from each treatment. The 
solid line is the 1:1 line. Dashed line is the linear regression model fitted to the data distribution 
after forcing the y-intercept through zero. 
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Figure S2. Carbon mineralization (mg CO2-C per kg whole soil) for both soils Sandy loam and Silty loam treated with or without 
nutrient solution during the four incubation cycles at 24 °C and 50-60% relative humidity. 
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Figure S3. Carbon accumulated in the soil mineral fraction relative to the amount of litter-C 
added measured at the end of the 184-d of the incubation study. Values are based on the average 
across soil type treatment (n=8, ± standard error bar). Significant differences of nutrient 
addition are marked by different lowercase letters (P < 0.05) according to Tukey’s least 
significant difference test. 
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Figure S4. Nitrogen accumulated in the soil mineral fraction per kilogram of whole soil 
measured at the end of the 184-d of the incubation study. Values are based on the average 
across soil type treatment (n=8, ± standard error bar). Significant differences of nutrient 
addition are marked by different lowercase letters (P < 0.05) according to Tukey’s least 
significant difference test. 
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Figure S5. The amount of plant litter-C accumulated in the MAOM soil fraction per unit of C 
mineralized at the end of the four incubation cycles. Mean values (n=8, ± standard error) 
reported for each plant litter and nutrient addition combination are averaged across the soil 
type treatments. Significant differences among nutrient treatments are marked by different 
lower case letters (P < 0.001) according to Tukey’s least significant difference test. 
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Abstract 
Soybean [Glycine max, (L.) Merr.] biological nitrogen (N) fixation is a complex plant 
process. To shed light into factors affecting soybean N fixation in soils rich with soil organic 
carbon, we set up experiments in Iowa, USA in which we measured N fixation multiple times 
during the season together with other crop and soil parameters covering different aspects of 
the system. Our objectives were to determine when N fixation is maximized during the season, 
its magnitude, and to identify relationships with plant and environmental variables. Across two 
years, two locations and two planting times, we found that N fixation contributed from 23% to 
65% of the total aboveground N accumulation in soybean. The N fixation rate (kg N ha-1 d-1) 
maximized at the early seed filling period and ranged from 1 to 3 kg N ha -1 day-1. Compared 
to plant growth rate and total N accumulation rate, the N fixation rate was much more variable 
(3-fold variation across years, locations and planting dates). We identified strong linear 
relationships (r2 > 0.83) between biomass accumulation and N fixation and estimated 0.013 kg 
N fixed per kg biomass produced. 
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This finding can be used to support farmers with decision making, as well as to support 
crop model calibration efforts. Overall data and analyses from this work improve 
understanding of N balance in Midwestern maize-soybean cropping systems.  
Introduction  
Soybean accounts for approximately 90% of the oilseed production in the U.S., with 
the majority of production in the upper Midwest Corn Belt (USDA-NASS, 2018). In this 
region, soybeans are typically grown in rotation with maize (Zea mays L.). As a legume, 
soybean acquires 20 to 80% of total N uptake from biological N fixation (Harper, 1974; 
Salvagiotti et al.2008; Ciampitti & Salvagiotti, 2018). Soybean uses 245 kg N ha-1 y-1, fixing 
almost 56% of the total N required (global mean average; Ciampitti & Salvagiotti, 2018). 
Fixation is often the largest N input to the system; for perspective, the rotated maize crop 
typically receives 150 kg N fertilizer ha-1 y-1.  
Despite the magnitude of this N fixation, understanding the variations in the amount 
and timing of N flux remains a challenge (Salvagiotti et al., 2018). Multiple factors contribute 
to variability in N fixation including water availability (Purcell et al.2004), soil fertility 
(Gelfand & Robertson, 2015), weather (George et al., 1988), genetics (i.e., cultivars; Patterson 
& LaRue, 1983) and management (Oberson et al., 2007). Interactions among these factors also 
affect N fixation (e.g., George et al., 1988; Santachiara et al., 2017). For instance, Purcell et 
al. (2004) found a greater sensitivity of N fixation to drought rather than the actual uptake and 
assimilation of inorganic N. Soil N pools are inversely correlated with %N derived from 
fixation (Schipanski et al., 2010). Nitrogen fixation decreases linearly with increases of N 
fertilization additions (Gelfand & Robertson, 2015). It has been found that the optimal soil 
temperature in the root zone for soybean nodulation at early growth is 25 °C, and 20 °C is 
optimal for nodule growth (Lindemann & Ham, 1979).  
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Late maturing soybean cultivars have been found to fix more N than early maturing 
cultivars (Patterson & LaRue, 1983). Oberson et al. (2007) found that N fixation varied 
depending on the fertilizer type, and it decreased in the following order of bio-organic > 
conventional with organic and mineral fertilizers > non-fertilized control > conventional with 
exclusively mineral fertilizers.  
Together, the amount and variability of N fixation create significant uncertainty about 
the long-term sustainability of soybean production. Future yield increases may require N 
fertilizer (Cafaro et al., 2017) and the absence of N fertilizer may lead to long-term soil N 
decline if N outputs in seed harvest exceed N inputs from fixation (Poffenbarger et al., 2017). 
Moreover, uncertainty about soybean N fixation hinders the implementation of N accounting 
programs that aim to reduce environmental N losses because fixation is the largest source of 
uncertainty in Midwest cropping system N balances (Christianson et al., 2012; McLellan et al., 
2018).  
Yield increases in U.S. soybean production have lagged behind those of maize, and this 
lag may be attributed to N limitation (Cafaro et al., 2017). Researchers have hypothesized that 
N fertilization could maintain high crop growth rates during reproductive growth, which is the 
period of the greatest rate of crop N accumulation and when the plant rapidly remobilizes N 
from leaves to seeds (Sinclair & de Wit, 1976; Wesley et al., 1998). However, a recent analysis 
of 207 U.S. soybean trials determined that in-season N fertilizer additions between 60 to 120 
kg ha-1 has resulted in small yield increases, and that N fertilizer explained less than 1% of the 
soybean yield variability (Mourtzinis et al., 2018).  
In energetic terms, N fixation is a costly process to the plant. According to Schubert 
(1982), the energetic cost ranges between 240 to 260 MJ kg-1 N, which is four-times more than 
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the cost of NO3-N uptake (67 MJ kg
-1 N; Connor et al., 2011). And N fertilization appears to 
consistently reduce N fixation (Gelfand & Robertson, 2015). However, the potential energy 
savings to the plant from avoiding fixation do not correspond to yield gain. Yield increases 
due to N fertilization are far less than the estimated cost of avoided N fixation (15 to 20 kg of 
dry weight kg-1 N fixed; Ryle et al., 1979). In general, the majority of research studies on 
soybean have indicated little-to-no yield benefit of N fertilization, except some cases with very 
high soybean yields (> 5 Mg ha-1;(Rotundo et al., 2014; Cafaro et al., 2017).  
Most studies of N fixation provide only one measurement, normally taken near or at 
physiological maturity. Measuring N fixation at the end of the season offers valuable 
information about N balances summarized as a time-integrated estimate of N fixation. 
However, it does not provide enough information about the in-season dynamics of N fixation, 
which may help farmers to optimize N fertilizer inputs during the peak times of soybean N 
demands and to modulate the total amount of N fixation for the benefit of the production and 
environmental quality (Liu et al., 2011). Few studies have measured N fixation throughout the 
growing season (Henson & Heichel, 1984; Coale, 1985; Zapata et al., 1987; Herridge et al., 
1990). Weber (1966) found that soil N exerts control on N fixation by reducing its magnitude 
but not completely inhibiting its occurence (Allos and Batholomew, 1955). Berg et al. (1988) 
found that introduced strains of Rhizobium that were introduced by inoculation in north-central 
Iowa fields did not increase the number of nodules per plant, plant growth or yield.  
Midwestern USA soybean production for 2017 was on average 3.25 Mg ha-1 (range 
2.29 to 3.90 Mg ha-1; USDA-NASS, 2018). It was expected N accumulation would have been 
257 kg N ha-1, from which 149 kg N ha-1 (58% of total N accumulation) could have been 
derived from biological N fixation, presuming 79 kg N ha-1 needed per Mg seed produced and 
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the mean contribution of N fixation reported by Salvagiotti et al. (2008). In a recent synthesis 
analysis, Ciampitti and Salvagiotti (2018) reported the N gap between the amounts of soybean 
N accumulated minus N fixed in the aboveground biomass. The gap increased when N fixation 
was >200 kg N ha-1 at a linear rate of 0.22 kg N kg-1 total N accumulated and changed rapidly 
at 370 kg N ha-1 with a linear rate of 0.46 kg N kg-1 total N accumulated. Therefore, they 
suggested that at a higher amount of soybean N accumulated, greater N demand is mostly 
dependent on external N sources. Their findings suggest that earlier in the growing season the 
N accumulation and N fixation have a similar rate (i.e., similar slope), and later after a 
threshold, the rate of plant N accumulation increases faster than N fixation. This could explain 
the increased in the rate of the N gap found in their study. 
The investigation of timing and amount of soybean N fixation throughout the season 
can help us to solve the problem of the increasing N gap in soybean, and overall production by 
focusing future N management on particular times of the crop growth. Some studies reported 
that daily rates of soybean N fixation peaks right after flowering with a progressive decline 
during seed filling period (Lawn & Brun, 1974a; Thibodeau & Jaworski, 1975; Gomez & 
Sodek, 1987), while others found that daily soybean N fixation is maximized during the seed 
filling period (Deibert et al., 1979a; Zapata et al., 1987; Mastrodomenico & Purcell, 2012). 
Moreover, the reported maximum daily rate of N fixation ranges from 1.40 to 3.80 kg N fixed 
ha-1 day-1 (Zapata et al., 1987; Mastrodomenico & Purcell, 2012). Curiously, the period around 
flowering coincides with the period of maximum nodule activity (Guafa et al., 1993; Gan et 
al., 1997; 2002), while the seed filling period coincides with the time of highest N accumulation 
by soybean plants (Hanway & Weber, 1971; Harper & Gibson, 1984; Purcell et al., 2004). 
Additionally, George & Singleton (1992) mentioned that daily N demand for legumes, in 
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general, depends on its growth rate and developmental stage. In the case of soybean, it has 
been demonstrated by some studies that soybean achieve the maximum daily crop growth rate 
followed by the maximum N accumulation rate at or near seed filling period (R4 and R5, 
respectively; e.g., Hanway & Weber, 1971; Egli & Bruening, 1992; Bender et al., 2015; Gaspar 
et al., 2017). Thus, it is reasonable to hypothesize first that soybean crop growth rate will 
explain in-season N fixation dynamics, and secondly, that soybean N fixation rate as being part 
of the total N accumulated is maximized at or near seed filling period. However, the most 
recent study conducted in the Midwest of the USA which has measured daily N fixation rates 
in soybean using modern cultivars under drought and irrigated conditions was done by 
Mastrodomenico and Purcell (2012). 
Crop models integrate aspects of current understanding of biological N fixation 
dynamics in legumes, simulating daily N fixation as a function of a potential N fixation rate (g 
N fix per kg dry matter produced) which is controlled by soil temperature, water, nitrogen, 
plant carbon supply, and crop growth (Liu et al., 2011). Additionally, Chen et al. (2016) 
reported that crop models are very sensitive to the potential N fixation rate. Without 
appropriate experimental data that capture different aspects of the system to connect these 
factors and verify simulations it is difficult to use today’s models to shed light into the N 
fixation process to design practices and ideotypes to boost soybean yield. More in-depth and 
high-quality measurements of N fixation are needed to improve our understanding of the 
overall soybean N dynamics, and thereby, allow us to successfully simulate soybean N fixation 
and N accumulation.  
In addition to assisting production goals, a better understanding of N fixation can aid 
in addressing environmental concerns. Soybean N fixation is often the greatest N input to 
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agroecosystems. For instance, in rotated maize-soybean, the most common cropping system in 
Iowa, the N input from soybean N fixation is often the greatest N input to the system. Thus, 
soybean N fixation has a major impact on the soil N stock and in the long-term soil 
sustainability (Christianson et al., 2012). If soybean is a net user of soil N (i.e., N uptake from 
the soil mineral pool > N fixed), it will reduce both soil N and carbon (C) stocks because soil 
N is covalently bound to C. As the soybean takes up mineralized soil N, the mineralized soil 
C is released as CO2. In a review on N accumulation and N fixation in soybeans, Salvagiotti et 
al. (2008) highlighted that 80% of experiments from 1955-2006 reported an average net-
negative N balance of -40 kg N ha-1. A recent update of this database confirmed a net-negative 
N balance (-47 kg N ha-1) and rejected the hypothesis that the N balance is associated with the 
amount of fixation (Ciampitti & Salvagiotti, 2018). However, these studies did not directly 
measure root N contribution but instead used an estimate of root N contribution of 24% of total 
plant N content at physiological maturity, which was derived from a single study of fava beans 
(Rochester et al., 1998). Nevertheless, the few studies that have included root measurements 
also obtained a net negative N balance (i.e., whole biomass N fixation minus seed N export) 
ranging from -2.8 to -56 kg N ha-1 (e.g., Gan et al., 2002; Gelfand & Robertson, 2015). Long-
term measurements of soil N stocks in rotated maize-soybean systems confirm a decline that 
would be expected if soybean seed N harvest exceeds biological N fixation (Poffenbarger et 
al., 2017).  
In this study, we measured soybean N fixation by examining the temporal dynamics of 
this process along with the corresponding soil-plant processes at a high-temporal resolution in 
Iowa, USA to answer the following three questions:  
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1. When is N fixation maximized during the season, and what is the maximum daily N 
fixation rate? 
2. Is the contribution of N fixation to the total soybean N accumulation in Iowa soils, 
which have exceptionally high soil N stocks, lower than the global mean value of 58% 
published by Salvagiotti et al. (2008)?  
3. Which environmental factors and plant processes best explain N fixation variability in 
Iowa?  
It has been widely reported that high soil inorganic N decreases nodule growth and 
rhizobia functionality, subsequently suppressing N fixation (e.g., Berg et al., 1988; Schipanski 
et al., 2010). Therefore, we hypothesized that N fixation contribution to total soybean N 
accumulation in Iowa would be less than the 58% global mean value used in N balances 
(Salvagiotti et al., 2008) due to fertile soils. Answers to the above questions will assist in model 
improvement and calibration, developing efficient N balance calculations as well as  providing 
better guidance on N management that will help guide and evaluate fertility decisions.  
Materials and Methods 
Field experiments 
We measured soybean N fixation across two planting dates, two sites and two years. 
The experiments, carried out in 2015 and 2016, were located in central (42°01’14.9’’ N, 
93°46’31.2’’ W) and northwest Iowa, USA (42° 55' 35.0'' N 95° 32' 23.20''W). Soil at the 
central site was Nicollet loam (fine-loamy, mixed, superactive, mesic Aquic Hapludolls; 
USDA-NRCS, 2018) with 3.9% organic matter from 0-30 cm, artificial subsurface drainage at 
~150 cm, and ~285 mm of plant available water. Soil at the northwest site was Primghar loam 
(fine-silty, mixed, superactive, mesic Typic Endoaquolls) with 3.7% soil organic matter from 
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0-30 cm, no artificial subsurface drainage, and ~307 mm of plant available water from 0-150 
cm. The climate at the central and northwest sites is humid continental with an annual average 
(1986-2016) temperatures of 10 °C and 8 °C and cumulative precipitation of 890 mm and 718 
mm, respectively (Figure 1, Iowa Environmental Mesonet 2017: Ames-8-WSW and Iowa-
Northwest stations). More information about soil environmental factors dynamics of both sites 
is in Figure 1. Our experiments were managed for optimum pH and soil fertility with the 
application of pesticides and herbicides as needed.  
Soybean following maize was planted in a completely randomized plot design with 
three replications. The maturity groups were 2.7 (central site) and 2.2 (northwest site) (Table 
1). Soybean N fixation was measured across two years, two locations, and two planting dates 
resulting in eight datasets. We used the two planting dates to create different environments. 
Each plot was 278 m2; within each plot, we set up microplots (3 rows x 1.33 m length; 3.45 
m2) where we measured in-season soybean N fixation across 7 to 9 growth stages using the 
15N isotope pool dilution method (Unkovich et al., 2008).  
In central Iowa, we conducted a companion experiment to verify the 15N isotope 
dilution N fixation measurements using the soybean isoline method (Unkovich et al., 2008). 
This experiment was a two-way factorial complete-block randomized design including N 
fertilizer addition rate and timing. Two soybean isoles (nodulating and non-nodulating, both 
for each one) were planted in zero-N, and 135 kg N ha-1 fertilizer was evenly broadcast one 
time across three stages (Table 1). The soybean isolines were Harosoy (maturity group 2.0), 
and M129 (maturity group 1.4).  
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Nitrogen fixation measurements  
15N Isotope dilution experiment 
The 15N Isotope dilution method allows collection of time-integrated measurements of 
N fixation in the field, providing estimates of the fraction of total N uptake derived from 
fixation independent of the crop yield (Chalk & Ladha, 1999). The method involves labeling 
the soil mineral N pool with 15N so that the atom%15N of the soil mineral N is far different 
than the atmosphere atom%15N of 0.3663 (Unkovich et al., 2008). ‘Dilution’ refers to the 
dilution of the soil inorganic 15N label over time by the production of mineral N from soil 
organic matter that is dominated by 14N (i.e., soil organic matter N mineralization; 
Barraclough, 1991). As the soybean plant grows, the atom%15N of mineral N in soil solution 
and the atom%15N of the plant are measured to serve as end-members in a two-pool mixing 
model that solves the fraction of total N uptake that is derived from the atmosphere or soil.  
The major assumption of this method is that the atom%15N measurement of mineral N 
in soil solution reflects the atomt%15N of the soil N pool that the plant accesses. 
We applied 99 atom percent enrichment 15NH4
15NO3 isotope tracer at 3g N microplot
-
1 (equivalent to 8.70 kg N ha-1) one month before planting. Application one month prior to 
planting allowed us to avoid the most rapid period of isotope dilution, providing a more stable 
15N signal in the inorganic N pool over time (initially after 15N enrichment, the inorganic N 
pool atom%15N exponentially decreases). Application of the label followed Sanchez et al. 
(1987). We used a backpack hand sprayer with a compressed CO2 tank set at a pressure of 60 
psi. The labeled isotope tracer was mixed with green dye to help us visualize the applied area, 
and ensure a homogeneous application.  
During the growing season, we measured atom%15N of the inorganic soil N pool, plant 
growth, plant N concentration, atom%15N of plant organs, volumetric soil water content, soil 
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temperature, and solar radiation. In 2015, at both sites, seven destructive plant harvests were 
taken from the V3 (3rd trifoliate leave) to the R6.5 growth stage (physiological maturity; Fehr 
et al., 1971). In 2016, ten destructive harvests were taken from the V3 to the R8 growth stage 
(harvest maturity). In each harvest, we collected 1 m2 plants from the entire plots and three 
plants from the microplots (middle row). The 1 m2 plant sample was used to measure biomass 
N concentration, production, and partitioning among organs, while the three plants sampled 
from the microplot were used for atom%15N measurements of plant organs. Root biomass was 
also collected in the microplots by digging an area of 25 x 25 cm with a spade (Gelfand & 
Robertson, 2014). In 2015, the root sampling depth was 30 cm from V3 to the R3 stage and 
increased over time to 80 cm depth at the R6.5 stage. In 2016 root sampling depth was guided 
by Ordóñez et al. (2018), and ranged from 40 cm at the V3 growth stage to 80 cm at and after 
the R4 growth stage (i.e., full pod set period).  
Soil samples were collected on the same day as plant samples. In each 15N-labeled 
microplot, eight soil cores were sampled. Another 12 soil cores were sampled from the entire 
plots. Both samples were made with a 2 cm diameter soil core. Soil samples in the microplots 
were collected at the same depth as the roots samples so that our atom%15N measurement of 
the inorganic N pool represented the soil N pool that the plants accessed. Soil cores were 
sampled between the crop row within the microplots (e.g., 0-30 cm depth at V3/V4 until R3, 
0-50 cm at R4, 0-70 cm at R5.5, 0-80 cm at and after R6.5). In each plot, Decagon sensors 
were used to measure volumetric soil moisture and temperature at 0-15 cm (Togliatti et al., 
2017). In addition, at each plant sampling time, we also measured plant count, leaf area, and 
crop stage. At the end of the season, we used a combine harvester for final yields (adjusted to 
130 g kg-1 moisture).  
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In the laboratory, soybean plants (collected from entire plots and microplots) were 
partitioned into seeds, pod shells, leaves, stems (included petioles), and roots (included 
nodules) although not all organs were present at all the sampled growth stages. Soybean organs 
were oven dried at 60 °C to constant mass, weighed, and ground for C and N analyses using 
dry combustion elemental analysis (LECO C and N analyzer; LECO Corporation, St. Joseph, 
Michigan). The N isotope ratio of individual soybean organs was determined with isotope ratio 
mass spectrometry (Europa Scientific, UK). Ammonium (NH4
+) and nitrate (NO3
-) 
concentrations of soil samples (entire plots and microplots) were extracted with reciprocal 
shaking in 2 M KCl (5:1 solution/soil ratio) for one hour at 180 rpm. Filtered extracts were 
analyzed for NH4-N, and NO3-N+NO2-N, using colorimetry following Hood-Nowotny et al. 
(2010). The atom%15N of the NH4+NO3 in 2 M KCl soil extracts from the microplots was 
determined by isotope ratio mass spectrometry after diffusion to filter paper using reagents, 
blanks and check standards according to Stark and Hart (1996). In this procedure, both the 
NH4
+ and NO3
- were diffused and analyzed simultaneously which assumes that the plants 
access NH4
+ and NO3
- in proportion to their relative abundances in the soil. Despite this 
assumption, our methods represent a major advance over previous 15N isotope dilution fixation 
measurements that have assumed the 15N of the total soil N pool (organic + inorganic) 
represents the 15N of the soil N accessed by the plant; our methods reflect the consensus that 
annual crops use little organic N.   
The atom%15N of total aboveground biomass for each measurement was calculated as 
a weighted mean based on the mass of N in each organ. The atom%15N of soil inorganic N was 
normalized to a depth of 30 cm, and then smoothed by fitting an exponential decay function 
with three parameters (Figure S2) described by Archontoulis and Miguez (2015). Fitted soil 
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atom%15N were integrated linearly using the corresponding instantaneous proportion of plant 
N accumulation at each corresponding sampling time, for each plot. Using these data, the 
instantaneous amount of N fixed measured with the 15N isotope dilution method was calculated 
using the isotope two-pool mixing model for each sampling time, modified from Unkovich et 
al. (2008).  
N fixationIDM =  [
(atom%15 soybean −  atom%15N air) 
(atom%15N soil inorganic −  atom%15N air
] ∗ TN                             (1) 
Where N fixationIDM corresponds to the instantaneous amount of N fixed (kg N ha
-1) 
determined by the 15N isotope dilution method in each sampling. The atom%15N of soybean 
corresponds to the instantaneous integrated soybean aboveground biomass 15N; atom%15N air 
is equal to 0.3663; atom%15Nsoil corresponds to the instantaneous soil 15N enrichment, and 
TN is the amount of N accumulated in the aboveground biomass measured at the corresponding 
sampling time.  
Soybean isolines  
This method uses a comparison of near-isogenic soybean varieties that differ in ability 
to produce N fixing root nodules. One is capable of N fixation (nodulating) and takes up N 
from the soil and fixation; the other is genetically modified so that it is incapable of N fixation 
and must rely solely on soil N (non-nodulating). Otherwise, the near-isolines are assumed to 
have similar plant growth and development. At plant maturity, the atom%15N of the nodulating 
and non-nodulating soybeans are inputs into a two-pool mixing model to determine the fraction 
of total N uptake in the nodulating soybean that is derived from the atmosphere or soil. The 
following measurements were collected at physiological maturity: atom%15N of plant organs, 
root samples for nodule counts, plant biomass, and partitioning, and tissue C and N 
concentrations. Methods for these measurements were the same as in section 2.2.1. The harvest 
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area was 1 m2 per plot. In addition, we counted the presence of nodules in nodulating and non-
nodulating soybean isolines and discarded non-nodulating plants that produced nodules (the 
genetic transformation is not 100% efficient, and some non-nodulating soybeans produce 
nodules). Soybean yield was hand-measured at harvest maturity and adjusted to 130 g kg-1 
moisture.  
We used this method to make a one-time assessment of total N fixation at growth stage 
R6.5 (Unkovich et al., 2008), by using only aboveground biomass from the soybean isolines. 
Although we measured root atom%15N, the values were not within the bounds of reality likely 
due to soil contamination. For that reason, we use a B-value to correct for the absence of 
missing root atom%15N. The B-value is the atom%15N of soybean isolines grown in an N-free 
medium, fully dependent upon N fixation (approximately to 0.3663 atom%15N); which corrects 
for a variety of reasons (Unkovich et al., 2008). The B-value we used was derived for the same 
soybean isolines that were harvested at the same growth stage (R6.5) as our isolines.  
To determine the fraction of N that was fixed at the R6.5 growth stage, we input the 
measured atom%15N isotope ratios of non-nodulating and nodulating soybean isolines in a two-
pool mixing model and multiplied this fraction by the total N accumulated in the nodulating 
plant at R6.5 to determine the total N derived from fixation (Unkovich et al., 2008).  
N fixationINA =  [
(atom%15N of nonNod) −  (atom%15N of Nod) 
(atom%15N of nonNod) −  B 
] ∗ TN                          (2) 
Where NfixationINA corresponds to the total amount of N fixed (kg N ha
-1). The 
atom%15N of non-Nod and Nod were the weighted aboveground biomass atom%15N from non-
nodulating and nodulating soybean plants, respectively, calculated by multiplying the 
atom%15N of each plant organ with its corresponding proportion of total N accumulation, for 
each isoline within each plot.  
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The B-values were 0.3655 atom%15N (-2.26 δ15N) for M129 isoline (Schipanski et al., 
2008), and 0.3656 atom%15N (-1.97 δ15N) for the Harosoy isoline (Balboa & Ciampitti, 
unpublished data, 2018). 
Daily N fixation, N accumulation, and crop growth rates calculations 
We calculated soybean N content for each plant tissue by multiplying tissue dry matter 
by its N concentration. Crop growth, aboveground N accumulation, and cumulative N fixation 
data were first fitted to modified logistic equations (Archontoulis & Miguez, 2015; Figure S2) 
and then by taking the derivative, we calculated daily rates of increase or decrease. With this 
approach, we extrapolated measurements to the entire growing season and avoided 
experimentally measured errors in calculating the daily rates.  
Calculations and Statistical Analysis 
Statistical analyses were performed in SAS software version 9.4 (SAS Institute, Cary, 
NC, USA). Isotope dilution experiment results were analyzed by using Pearson correlation 
(PROC CORR) to examine bivariate relationships between N fixation and crop/environmental 
variables, and by multivariate forward stepwise regression (PROC REG). Multicollinearity of 
the dependent variables was avoided by using simple correlations and choosing the most 
relevant variable from the correlated pair. These analyses were first done using the data 
collected throughout the growing season (15N dilution experiment) and secondly by using data 
collected just at the R6.5 stage (15N dilution and isoline experiments). Differences were 
deemed statistically significant at α= 0.05 level. PROC GLIMMIX was later used to determine 
the differences among the eight environments (i.e., year x location x planting date; Table 1), 
with the addition of lines in the Lsmeans statement which makes a pairwise comparison among 
the environment means. Moreover, a t-test was used to determine whether linear regression 
slopes were significantly different among years.  
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Crop growth, N accumulation, and N fixation rate were modeled across the whole 
growing season using days of the year (DAP). The graphs were built by fitting a three-
parameter logistics growth model (Archontoulis & Miguez, 2015) using the Rstudio software 
(R Core Team, 2018), package GGPLOT2. All three rates were also presented in boxplots 
(Figure 2). Additionally, we developed graphs comparing all three rates, with the inclusion of 
an envelope curve (95% maximum boundary; Figure 5), calculated by using package 
QUANTREG (Koenker, 2017). Soybean protein percentage was calculated by multiplying 
seed N concentration times by 6.25.and 100. 
The isoline experiment was analyzed as a pseudo factorial experimental design in 
which we compared all the interactions (Isolines x N-rate x N-timing; Table 1) and referred to 
them as treatments. For statistical analyses, we only used the nodulating isolines of Harosoy 
and M129 by using PROC GLM in SAS. Additionally, we used contrasts to define differences 
between isolines, N-rate, and N-timing treatments. Differences were deemed statistically 
significant at the α= 0.05 level. 
Nitrogen accumulation efficiency was calculated at physiological maturity (R6.5 stage) 
as the relationship between total amount of N accumulated and crop growth, and N fixation 
efficiency as the relationship between total N fixation and crop growth. An N partial balance 
was calculated as the difference between the total aboveground N fixed minus the amount of 
N harvested in soybean seed, reported in kg N ha-1 (Salvagiotti et al., 2008). The difference 
between the N accumulation and N fixation rate equals the soil N supply rate (i.e., N 
mineralization). 
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Results 
Environmental characterization and treatment effects on biological N fixation 
Across the eight datasets that comprise the isotope pool dilution experiment (2 years x 
2 sites x 2 planting dates), the average air-temperature from planting to physiological maturity 
varied from 19 to 23 oC (CV= 6%; Figure 1a), and the cumulative precipitation from 335 to 
626 mm (CV= 25%; Figure 1b). Variation in solar radiation was small compared to rainfall 
and air temperature (data not shown). The average soil inorganic N (NH4+NO3) from planting 
to physiological maturity at 0–30 cm depth varied from 48 to 94 kg N ha-1 (CV= 71%; Figure 
1c). At planting time, soil inorganic N ranged from 34 to 130 kg ha-1 and decreased over the 
course of the growing season. The average soil temperature and soil moisture across 0–30 cm 
from V3 to R6.5 varied from 0.22 to 0.30 cm3 cm-3 (CV= 9.5%; Figure 1b), and from 21 to 23 
oC (CV= 2.4%; Figure 1a), respectively.  
Within years and sites, soil temperature did not vary between early and late planting 
treatments. Instead, it closely followed air temperature seasonal patterns (Figure 1a).  
Soil temperature from 0-30 cm depth between June and August was consistently above 20oC. 
Soil inorganic N decreased over the course of the growing season in all treatments. The initial 
soil inorganic N pool was extremely high in one case (2015 northwest site) while in all other 
cases it was around typical levels, ranging from 34 to 49 kg N ha-1 (Figure 1c).   
In the isotope dilution experiment, within years and sites the average of yield was 4.3 
Mg ha-1 at 13% moisture (CV= 13%), total amount of N fixation was 131 kg N fixed ha-1 (CV 
= 37%), N accumulation was 298 kg N ha-1 (CV= 14%), percent of total N fixed was 45 (CV= 
39%), and percent of protein was 32% (CV= 17%; Table 1); all reported at physiological 
maturity (i.e., R6.5). Yields, total aboveground N accumulation, and protein concentration 
were significantly different across the eight environments (i.e., site x year x planting date, p-
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value <0.05; Table 1). There was no correlation between measured environmental variables 
and N fixation measured in aboveground biomass at physiological maturity (p-value > 0.05; 
Figure S3).  
In the isoline experiment that included multiple N fertilizer inputs but only one season, 
yield varied with a CV of 20%, N accumulation by 13%, N fixation by 29%, while protein 
concentration varied by 5% (Table 1). None of the main factors had a statistically significant 
effect on yield, N fixation, N accumulation, or protein concentration (p-value > 0.05; Table 1).  
Soybean N fixation rates  
Across the eight environments from the isotope dilution experiment the crop growth, 
aboveground N accumulation, and N fixation rates reached maxima at different times during 
the growing season and varied across the eight environments in the isotope dilution experiment 
(Figure 2). Overall, crop growth rates were maximized around the R4 stage (DOY 214 ± 2.5; 
July 27th to August 9th), followed by aboveground N fixation (DOY 222 ± 4.01; July 28th and 
August 24th) and N accumulation rate (DOY 232 ± 4; August 10th and Sept. 4th) which reached 
maxima at the R5 stage (Figure 2). Seed and pod wall dry matter and N accumulation rates 
were highest around the R6 stage (data not shown). Maximum daily crop growth rates varied 
from 138 to 213 kg ha-1day-1 (Figure 2a & d). The maximum aboveground daily N fixation 
rates varied from 1 to 3 kg ha -1 day-1 (Figure 2b & e), and the daily N accumulation rate ranged 
between 4 to 6 kg ha-1 day-1 (Figure 2c & f). Among these processes, N fixation rate was the 
most variable (3-fold variation) across the eight treatments followed by crop growth and N 
accumulation (1.5-fold variation; Table S2).   
Amount of soybean N fixation before and during reproductive growth 
Soybean fixed 100% more N during the reproductive stages (R4 to R7) than during the 
vegetative stages (Figure 3). The amount of fixed N was on average 42 kg ha-1 (14% of total N 
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accumulated) before pod-seed filling period, and 89 kg N fixed ha-1 (29% of total N 
accumulated) during the pod-seed filling period. The contribution of N fixation at vegetative 
stages was similar in both years but different during reproductive stages. For instance, N 
fixation in 2016 during the pod-seed filling period was 1.6-times the contribution in 2015 (110 
vs. 71 kg N fixed ha-1, respectively; Figure 3 and Table S3).  
Additionally, the difference between N fixation measurements collected in 2016 from 
planting to R6.5, and from planting to harvest (R7.5), showed that N fixation contribution 
beyond R6.5 was small, representing 6% of the total N accumulation in 2016 (Table S3 & S4).  
Soybean N accumulation and N fixation efficiencies 
Across the growing season in the isotope dilution experiment, there was a strong linear 
relationship between aboveground biomass with N accumulation and N fixation (r2 = 0.83 to 
0.94; p< 0.01; Figure 4a). The linear nature of the relationship indicates that both aboveground 
N accumulation and N fixation are proportional to biomass accumulation at a constant rate 
during the season. On average, the obtained rate (i.e., efficiency) was 0.035 kg N accumulation 
per kg biomass and 0.013 kg N fixed per kg biomass (Figure 4c). The efficiency of N fixation 
and N accumulation were similarly variable (both CV= 21%) across the eight environments.  
Correlations were also found by considering only measurements obtained at 
physiological maturity from both experiments (r2 = 0.51–0.62; p< 0.01; Figure 4b). Compared 
to the in-season data, the N fixation efficiency was similar, but the N accumulation efficiency 
was lower. The difference in N accumulation efficiency is probably caused by variation in 
tissue N accumulation at physiological maturity and time of sampling (Figure 4b). As it can be 
seen from the in-season data, there are multiple N accumulation data points around the 
maximum biomass (Figure 4a).  
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Comparison of the linear regression slopes between total aboveground N accumulation 
and N fixation with total biomass was significant (p-value 0.028, Figure 4b). Moreover, we 
found that the gap between aboveground N accumulation and N fixation increases with 
increasing biomass production. To understand this gap, we plotted N fixation rate and N 
accumulation rates versus crop growth rates (Figure 5). Our analysis indicated that N fixation 
rates increased (planting to R4/5) and decreased (R4/5 to harvest) during the season closely 
following crop growth patterns. In contrast, N accumulation rates closely followed crop growth 
rates only from planting to the R4/5 stage (Figure 5c). At reproductive stages, N accumulation 
rates maintained high levels despite the decrease in crop growth rate. Results indicated that the 
soil N supply was fairly constant and substantial (up to 4 kg ha-1 day-1) during reproductive 
stages across the eight trials (Figure 5a & c).  
Furthermore, our analysis showed that an N accumulation that includes both N fixation 
and soil N supply reached maximum rates when a minimum crop growth rate of approximately 
36 kg ha-1 day-1 was reached (Figure 5c), a similar rate to achieve N fixation maximum rate 
(Figure 5a) 
Relationships between soybean N fixation and plant traits and partial N balance  
Combining data from the isotope dilution and isoline experiments, we explored 
correlations between N fixation and the following variables: yield, total N accumulation, 
partial N balance, protein concentration, seed harvest index, and N use efficiency (NUE) 
(Figure 6). We found a positive relationship between total aboveground N accumulation and 
N fixation (p-value < 0.001, Figure 6b). The positive intercept in this case (109 kg N ha-1) 
shows the average contribution of soil organic matter mineralization and residual inorganic 
soil N to the total N accumulation when N fixation has not yet taken place. Soybean yield, 
harvest index, seed protein content and NUE were not related with N fixation (Figure 6). 
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Moreover, partial N balance was significantly related to the total amount of N fixed only in the 
isotope dilution experiment, showing that between 160 to 200 kg N fixation ha-1 are required 
for a neutral balance. However, the partial N balance for the isoline experiment was not 
significantly related to the total amount of N fixed (p-value = 0.118; Figure 6c). 
Discussion 
Our study provides a comprehensive set of measurements and analyses that enhance 
understanding of soybean biological N fixation, which can greatly support crop modeling 
calibrations and empirical N budgets determinations.  
In the literature, there is no consensus on time that daily N fixation reaches its peak 
value.  Some studies reported that daily N fixation rate is maximized around flowering (Lawn 
& Brun, 1974a; Thibodeau & Jaworski, 1975; George & Singleton, 1992), while others at R5 
(Zapata et al., 1987; Mastrodomenico & Purcell, 2012). Our results from Iowa fields support 
the latter (Figure 2b & c) and provide additional evidence about the strong correlation between 
N fixation and N accumulation/demand (Figure 6b). Our results indicated that the N fixation 
rate is maximized at the beginning of seed development, and ceases soon afterwards (i.e., late 
seed filling period), while N accumulation rate continues at a higher rate with values similar 
as the ones reported by Bender et al. (2015) and Gaspar et al. (2017). In contrast, early in the 
season, soybean N fixation rate was similar to the N accumulation rate. 
The higher daily rate of N accumulation achieved soon after the maximum daily N 
fixation rate could be attributed to soil organic matter mineralization and supply of nutrients 
that is favored by the environmental conditions. In our experiments, air and soil temperatures 
were similar between the soybean vegetative and reproductive periods, but precipitation and 
soil moisture were somewhat higher during the reproductive stages favoring soil organic matter 
mineralization, thus increasing soil N supply (Figure 1b).  
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Lindemann and Ham (1979) indicated that the optimum temperature for N fixation is 
between 20 to 24 °C. In our experiments, soil temperature at 0-30 cm depth was at this range 
from June to August. Moreover, late in the season the amount of high-carbon organic matter 
(i.e., residue and roots from the previous year) that requires N for mineralization was smaller 
compared to early in the season. This means that soybean was able to take up large amounts 
of soil N and maintain high N accumulation rates late in the season, despite the decrease in 
crop growth rate soon after the pod set period. Late in the season, the formation of protein-rich 
seeds represents a high demand for larger amounts of N. Deibert et al. (1979) and Purcell et al. 
(2004) found that during seed filling period N fixation contributes between 25 to 76% of the 
total N required by soybeans. We speculate that this may explain to some extent the higher N 
fixation during the seed filling period. Moreover, the rates of soybean crop growth measured 
were higher than those found by Gaspar et al. (2017) (190 vs. 162 kg ha-1 day-1, respectively), 
even though our soybean yields were between their low and middle yield levels (i.e., 3.6 and 
4.4 Mg ha-1, respectively).  
The amount of N fixation measured in Iowa soils was 45% of the total aboveground N 
accumulation, which is close to global means reported in the literature (global average of 58% 
N derived from biological N fixation; Salvagiotti et al., 2008; Ciampitti & Salvagiotti, 2018). 
The obtained variability across the average N fixation value we obtained was high (CV= 26%), 
suggesting that the use of ‘the average’ for soybean N fixation contribution to the total 
aboveground N accumulation can lead to unreliable conclusions. Additionally, our results from 
the comparison of the total aboveground N accumulation versus N fixation showed a positive 
intercept [total N accumulation = 1.14 x (kg N fixed ha-1) + 109] (Figure 6b), which agrees 
well with the amount of soil N supply in Iowa estimated by modeling assessments 
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(Archontoulis et al., 2014; Martinez Feria et al., 2018). Some crop models such as APSIM 
(Holzworth et al., 2014) use a stage-dependent potential N fixation rate as a function of 
biomass accumulation to predict N fixation. Our results confirmed this relationship (Figure 4a 
& b) and in addition suggest that inclusion of an upper cut-off point for daily N fixation rate 
may improve predictions of crop models. We estimate that the cut-off point (maximum fixation 
rate per day) to be 3 kg ha-1 day-1 (Figure 2e), a value that fell within the lower range suggested 
by Unkovich and Pate (2000). This upper bound may be site specific; a subject for future 
investigation.  
From the small number of field studies on soybean N fixation, only two were conducted 
using the N difference technique in Iowa (Weber, 1966; Berg et al., 1988). Interestingly, our 
results showed similar proportions of N supplied by N fixation required by Iowa soybean at 
the end of the season (about 50%) as the proportions found by Webber (1966) and Berg et al. 
(1988). However, the amount of N supplied by N fixation was almost two times higher than 
these studies; differences could be attributed to the high yield variability which integrates the 
environmental variability and differences in management (cultivars, planting density, etc.) 
rather than differences in N concentration which are fairly similar (Balboa et al., 2017).  
We estimated that 72% of the variability in N fixation was explained by plant growth 
and environmental factors (Table S5). The close link between N fixation and biomass was also 
observed in previous studies for many legume species (Peoples et al., 2001, 2009; Soltani et 
al., 2006; Salvagiotti et al., 2008; Unkovich et al., 2008). A strong relationship of biomass-to-
N and N fixation is the foundation that crop models use to simulate N fixation (Sinclair, 1986; 
Sinclair et al., 1987; Robertson et al., 2002; Boote et al., 2008; Liu et al., 2011). Our results 
support this approach, and furthermore, we found that soybean biomass was the best predictor 
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of N fixation compared to many other explanatory variables we tested (e.g., rainfall, solar 
radiation, soil-moisture, temperature and –inorganic N). The reason is that biomass already 
integrates much of the environmental variability (e.g., soil water, nitrogen), and particularly is 
the final product of many interacting processes that include N fixation, photosynthesis, leaf 
development, and root growth among others. Thus the obtained different environmental effects 
on soybean biomass and N fixation are not surprising (Figure 6b). Liu et al. (2011) reviewed 
models of N fixation of legumes and reported the following factors to be the most important: 
soil temperature, soil plant-available water and nitrogen, plant carbon and crop growth.  
As it was noted in the previous literature, our results confirmed the negative 
relationship between N fixation and soil inorganic N (Figure S3). It has been found that 
consistently higher levels (> 50%) of contribution derived from N fixation in N-poor soils, 
only if other factors are not limiting crop growth (Hungria et al., 2006; Moretti et al., 2018). 
While at the same time, other soil properties such as texture control oxygen and water 
saturation dynamics subsequently influence the levels of N fixation (Schipanski et al., 2010). 
Interestingly, the relationships between soil moisture (expressed as percent of field capacity) 
and N fixation, and yield are always linear (Salvagiotti et al., 2008; Schipanski et al., 2010). 
Our results suggest that N fixation is increasing with increasing moisture towards field capacity 
that has optimum levels of oxygen in the soil, which agrees with previous publications (e.g., 
Mastrodomenico & Purcell, 2012, Schipanski et al., 2010; Figure S3), while yield reaches an 
optimum value around 70% field capacity. In general, the observed average soil moisture 
contents across the growing seasons are high.  
And for a season to have an average soil moisture near field capacity, it means that 
several days within the season the soil moisture was above field capacity that may enhance soil 
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nitrate leaching and lessen water/nitrogen accumulation by roots, as well as N fixation 
production (Schipanski et al., 2010).  
Soil inorganic N suppressed N fixation. Particularly, when the seasonal average of soil 
inorganic N increased to around 60 kg N ha-1, N fixation decreased approximately 50 kg N ha-
1 (Figure S3b). Our findings agree with previous studies (e.g., Berg et al., 1988; Schipanski et 
al., 2010) and bring new quantitative data for subsequent analyses of determining critical soil 
inorganic N levels in crop models (Liu et al., 2011). The negative impact of the high levels of 
soil inorganic N content in 2015 at the Northwest site affected the late planting treatment more 
than the early treatment; we believe that this could have happened because it matched the time 
of highest net N mineralization and the highest demand for N by the crop. At the same time, 
high soil inorganic N suppressed nodule establishment (Imsande & Ralston, 1982), 
subsequently decreasing nitrogenase activity (Purcell & Sinclair, 1990).  
Moreover, any addition of N fertilizer in experiment 2 increased crop growth of 
vegetative parts suppressing N fixation. However, it was not reflected in the soybean yield, 
similar as observed by Lawn and Brun (1974b). Perhaps, the absence of a positive response of 
soybean isolines from any additional N applied at or near the stage of highest demand could 
suggest a limitation in the potential sink size of the seed that is already determined genetically. 
We did not find differences among the isolines, despite their differences in inherent 
characteristics of their maturity group which could have yielded differences in their ability to 
support N fixation. However, some other studies have shown that timing of application of N 
can exert different results on N fixation, for instance, applications of N fertilizer post-flowering 
impacted less to nodule formation, consequently less suppression of N fixation (Gan et al., 
2002). In accordance with other studies, estimates of daily N fixation rate can differ 
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considerably, depending the time of the day at which are taken. For instance, diurnal 
fluctuations of environmental conditions can affect the supply of photosynthates, and other 
assimilates (Bergersen, 1970; Wheeler, 1971; Mague & Burris, 1972). 
Conclusion 
Our study showed that soybean N fixation in Iowa soils (high soil organic matter) is 
45% of total N accumulation. Daily N fixation rates reach maximum values (up to 3 kg ha-1 d-
1) approximately 10 days after the crop growth rate is maximized, around the start of the seed 
filling period. The minimum crop growth rate to support high N fixation rates was estimated 
to be 75 kg ha-1 d-1. Interestingly, the minimum crop growth rate to support high total N 
accumulation rate was about 30 kg ha-1 d-1. Among several soil types, plant and environmental 
factors explored, N-fixation was best related to above ground biomass production. Our results 
can assist crop model calibration and validation efforts as well as improved N balances 
estimations in maize-soybean cropping systems in the Midwest of the US.  
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Tables and Figures 
Table 1. Experimental details such as location, year, planting date, date when physiological maturity was achieved, stand count, 
cultivar name, yield (13% moisture), cumulative nitrogen fixed until physiological maturity, total aboveground N accumulated, 
percentage of N derived from fixation, and protein for isotope dilution and isoline experiments. Additionally, the isoline 
experiment has nitrogen fertilizer rate and timing of application, only reporting results from nodulating isolines.  
a/a Location (L) Year (Y) 
Planting 
date 
(PD) 
R6.5  
Date 
Stand 
count 
(plants/ 
m2) 
N-Rate 
(kg/ha) 
Timing-N  
Cultivar 
name  
  
Yield* 
(Mg/ha) 
N 
fixation 
(kg 
N/ha) 
N 
accum. 
(kg/ha) 
%N 
fixation 
Protein 
(%)   
Isotope dilution experiment       
1 Central 2015 1-May 1-Sep 37 0 none P92Y75    4.2cd 154 321c 48 33bc 
2 Central 2015 25-May 11-Sep 37 0 none P92Y75  3.4e 109 311e 35 42a 
3 Central 2016 6-May 25-Aug 30 0 none P92Y75    4.4bc 156 241g 65 27bc 
4 Central 2016 3-Jun 15-Sep 42 0 none P92Y75  3.6e 150 276f 54 30bc 
5 Northwest 2015 30-Apr 26-Aug 37 0 none P22T61R  4.9a 115 327b 35 33bc 
6 Northwest 2015 25-May 10-Sep 36 0 none P22T61R  4.1d   73 313d 23 34b 
7 Northwest 2016 7-May 13-Sep 29 0 none P22T61R  4.8a 113 241h 47 27bc 
8 Northwest 2016 1-Jun 13-Sep 32 0 none P22T61R    4.6ab 176 353a 50 26c 
        Avg.   4.3 131 298 45 32 
       p-value (Y*L*PD)  <0.001 0.167 <0.001 0.124 0.008 
 
      CV (%)  13   37 14 39 17 
Isoline experiment          
9 Central 2016 20-May 6-Sep 32 0 none Harosoy  3.0 127 168 76a 29 
10 Central 2016 20-May 6-Sep 36 0 none M129  3.1 108 172   63ab 30 
11 Central 2016 20-May 6-Sep 33 135 planting Harosoy  2.3   69 175 39c 33 
12 Central 2016 20-May 6-Sep 35 135 planting M129  3.4 135 222   61ab 30 
13 Central 2016 20-May 6-Sep 37 135 R1 Harosoy  2.4   70 175 40c 30 
14 Central 2016 20-May 6-Sep 36 135 R1 M129  2.1   68 153   45bc 33 
15 Central 2016 20-May 6-Sep 40 135 R4 Harosoy  2.1   88 148   60ab 31 
16 Central 2016 20-May 6-Sep 38 135 R4 M129  3.4   81 188 43c 30 
        Avg.   2.7   93 175 53 31 
       Factor / p-value   
       Isoline (I)  0.088 0.574 0.516   0.899 0.52 
       N-time (N)  0.952 0.138 0.739 <0.001 0.685 
       R-rate (R )  0.991 0.505 0.699   0.282 0.373 
        (I*N*R)  0.819 0.315 0.95   0.001 0.878 
              CV (%)   21 29 13   25 5 
(*) Yields reported at 130 g kg-1 moisture.  
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Figure 1. Weather and soil conditions at the experimental sites: soil temperature (a), and soil 
moisture at 0-15cm depth (left y-axis, b), precipitation (right y-axis, b), and soil inorganic N 
concentration at 0-30cm depth (c). Light grey solid line represent air temperature (a), blue and 
green dots represent measurements for early and late planting date treatment, blue bars are 
precipitation measurements throughout the growing season in both sites during 2015-2016.  
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Figure 2. The actual rate of crop growth (a), biological nitrogen (N) fixation (b), and 
aboveground N accumulation(c) measured throughout the growing season from the isotope 
dilution experiment in all eight environments (site*planting treatment*year). Variation of 
actual rates of soybean processes measured at different growth stages such as: crop growth (d), 
aboveground N-fixation (e), and aboveground N accumulation (f). Data are means (n=24, ± 
standard error bars, except for R7 to R8 n= 12). 
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Figure 3. Distribution of soybean nitrogen accumulation derived from two sources (N fixation 
and soil N) measured in central- and northwest- early and late planting treatment during 2015-
2016, respectively. Proportions reported from planting to physiological maturity. Different bar 
colors represent soybean N accumulation derived from two sources. Soybean N accumulation 
during planting to R2.5 (around full bloom) are represented in yellow (N fixation) and grey 
bars (Soil N), while the period from R2.5 to R6.5 (full bloom to physiological maturity) are 
represented in yellow dashed (N fixation) and grey dashed (soil N). Values are the mean (n=3) 
across each environment during each year.  
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Figure 4. Soybean aboveground N accumulation (blue squares) and N fixation (green circles) 
as a response to aboveground biomass measured in-season (a) for isotope dilution experiment. 
Measurments at physiological maturity (b), for both isotope dilution experiment (blue squares 
for N accumulation, and green dots for N fixation) and isolines experiment (blue open squares 
for N accumulation, and green open circles for N fixation). Efficiency of N accumulation and 
N fixation measured as the relationship per kg of aboveground dry matter (c).  
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Figure 5. Relationship between soybean aboveground biological N fixation rate in response to 
crop growth rate (a), and nitrogen accumulation rate (b), and nitrogen accumulation rate as a 
response of crop growth rate (c) using in-season data. The red solid line is the modified logistic 
function envelope curve at 95% partial intervals. Data are means (n=3) of aboveground 
measurements from the eight environments (site*planting treatment*year) denoted in different 
symbols and colors.  
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Figure 6. Soybean yield (a), total nitrogen accumulation (b), nitrogen balance (c), protein concentration (d), harvest index (e), and 
nitrogen use efficiency (f) as a response of cumulative N fixation measured in both experiments isotope dilution (full-red triangles) 
and isolines (empty-triangles). 
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Supporting Information 
 
 
Figure S1. Changes in the 15N enrichment of soil mineral N under soybean following application of 98 atom%15N excess 15N-NH4-
15N-NO3 at 8.70 kg N ha
-1. Data are means from combined depths within each sampling time. Red solid line represent to the 
exponential function with three-parameters fitted to the measurements (p-value < 0.001, **; p-value < 0.05, *). 
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Figure S2. Cumulative soybean aboveground biomass and fruit (a), and aboveground nitrogen (N) accumulated and N fixation (b) 
throughout the growing season in all environments during 2015-2016. Data represent means (n=3 ± standard error). Red line 
represent the modified logistics function fitted to the data. 
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Figure S3. Cumulative aboveground nitrogen fixation at R6.5 as a response to different 
environmental factors averages from planting to physiological maturity. The environmental 
factors such as air temperature (a), soil nitrate concentration at 30cm depth (b), solar radiation 
(c), and soil moisture (d). Red dotted line represent to the linear regression that was not 
significant (p-value > 0.05). 
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Table S1. Methods used in different field research studies to measured soybean biological nitrogen fixation at 
different stages, locations and under different conditions. 
Method Reference Location 
Stage 
measured 
Organic 
Matter 
(%) 
Soil NO3- 
at 
planting 
(kg/ha) 
Aboveground 
Yield* 
(Mg/ha) 
Biomass N fixation 
(Mg/ha) (kg N/ha) 
N difference        
 Weber, 1966 Iowa, US R6.5  94 - 185 8.4   76 2.1 
 Harper, 1974 Illinois, US All   6.0   98 3.5 
 Berg et al., 1988 Iowa, US R2 & R6.5 3 - 4  6.1   75 3.1 
 Takahashi et al., 1991  China R3 & R7   7.4 190 3.7 
  Zimmer et al., 2016 Germany V3 & R1   5.1   76 2.0 
Ureide       
 
 Jefing et al., 1992  Thailand V6 to R7   4.8 131 1.8 
 Herridge and Holland, 1992 Australia All  53 - 195 5.8 172 1.7 
 Guafa et al., 1993 Thailand All   4.6 140 1.8 
 Yinbo et al., 1997 Thailand V4 to R6.5 1 67 5.5 113 2.2 
 Herridge and Peoples, 2002 Australia V8 to R7  56 - 206 8.3 166 3.3 
  Gan et al, 2003 China V4 to R7 2 175 3.9   83 1.4 
15N natural abundance        
 Herridge et al., 1990 Australia V7 to R6.5  70 - 278 9.4 101 3. 8 
 Schipanski et al, 2010 New York, US R4 & R6  7 - 34 5.3 107 2.1 
 Gelfand and Robertson, 2014 Michigan, US R6.5   6.5   84 2.6 
 Collino et al., 2015 Argentina R6.5±0.5 1 - 8 1 - 5 9.0 153 3.6 
  Santachiara et al., 2017 Argentina  3  11.6 257 5.2 
15N Isotope dilution       
 
 Deibert et al., 1979 Nebraska, US R2, R5, R8 3 31 6.7 104 3.0 
 Henson and Heichel, 1984 Minnesota, US V4, R4, R8 4 152 3.3   70 1.3 
 Coale et al., 1985 Maryland, US V3 to R7   7.8 184 3.1 
 Zapata et al., 1987 Austria V2 to R7 7  10.0 102 4.0 
  Oberson et al., 2007 Switzerland R1 & R6.5  3 – 31 12.6 150 5.6 
Review Studies        
 Smil et al., 1999 Global FAOSTAT data    6.7   80 
 
 Herridge et al., 2008 USA, BR, AR, and CN    5.8 117 
 
 Salvagiotti et al., 2008 World    6.7 111 
 
  Peoples et al., 2009 World     5.4 119  
(*) Yields reported at 130 g kg-1 moisture.  
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Table S2. Actual maximum rates of crop growth and fruit of biomass, nitrogen uptake and biologically fixed achieved in the 
growing season 2015-2016. 
Year Location Trt. 
Fruit Crop Fruit Aboveground Fruit Crop Fruit Aboveground 
d.w. growth 
N 
accum. 
N 
accum. 
N 
fixation 
d.w. growth N accum. N accum. N fixation 
   kg/ha/day Date 
2015 Central Early 226 183 8.7 5.8 2.5 20-Aug 1-Aug 25-Aug 12-Aug 28-Jul 
 
 Late 140 138 7.5 6.4 1.7 6-Sep 10-Aug 10-Sep 27-Aug 20-Aug 
 Northwest Early 216 213 7.2 6.0 1.9 15-Aug 27-Jul 11-Sep 10-Aug 3-Aug 
 
 Late 159 209 7.9 5.5 0.9 29-Aug 4-Aug 23-Aug 24-Aug 28-Jul 
2016 Central Early 168 196 5.1 4.1 2.8 22-Aug 21-Jul 2-Sep 5-Aug 8-Aug 
 
 Late 219 186 7.0 4.3 2.3 1-Sep 8-Aug 29-Aug 24-Aug 20-Aug 
 Northwest Early 367 190 8.1 4.4 1.8 29-Aug 3-Aug 5-Sep 4-Sep 18-Aug 
  Late 273 205 12.0 6.7 3.1 31-Aug 9-Aug 2-Sep 25-Aug 24-Aug 
    avg. 221 190 8 5.4 2.1     
 
    se 25.9 8.3 0.7 0.4 0.2      
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Table S3. Amount of shoot biomass, nitrogen uptake partitioned in total, biologically fixed, and derived from soil, measured 
from planting until R6.5 ± 0.5. Total nitrogen biologically fixed was split in two periods: planting to full bloom (~ R2.5), and 
during pod-seed development (R3 to R6.5) with their corresponding contributions to the total nitrogen accumulation. Data are 
means across plots (n=3).   
Year Location Treatment 
Crop 
growth 
Total N 
accum. 
Total N-
fixation 
Total N 
from 
soil  
N fixation  N fixation  
Total 
N from 
soil  
Planting 
to full 
bloom 
Pod-seed 
development 
Planting 
to full 
bloom 
Pod-seed 
development 
 
  Mg/ha ------------------------------ kg N/ha ------------------------------ -------- % N distribution -------- 
2015 Central Early 10.5 321 154 167 62 92 19 29 52 
 
 Late 7.9 311 109 202 21 88 7 28 65 
 Northwest Early 10.0 327 115 212 51 65 15 20 65 
 
 Late 8.7 313 73 240 34 40 11 13 77             
2016 Central Early 10.4 241 156 85 38 118 16 49 35 
 
 Late 10.6 276 150 126 56 94 20 34 46 
 Northwest Early 12.0 241 113 128 24 89 10 37 53 
 
 Late 11.3 353 176 176 40 136 11 39 50             
    Total avg. 10.2 298 131 167 41 90 14 31 55 
    se 0.3 8.3 6.9 10.5 3.0 6.0       
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Table S4. Amount of aboveground nitrogen accumulation partitioned in 
total, N-fixation, and N derived from soil, measured from R6.5 until 
harvest. Data are means (n=3). 
Year Location Treatment 
N 
accumulation 
N  
fixation 
N  
from soil  
 
  ---------------------- kg N/ha ---------------------- 
2016 Central Early 66 45 21 
 
 Late 20 9 11 
 Northwest Early 61 20 41 
 
 Late 27 12 15 
    Total avg. 43 21 22 
    se 6.8 4.7 3.9 
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Table S5. Regression analysis of different variables controlling N-fixation throughout the growing season. 
 Analysis of Variance 
 
 
 
Source df 
Sum of 
Squares 
Mean Square F value Pr > F  
 
 Model 1 430627 430627 451.44 <0.0001 
 
 
 Error 177 168838 953.89 
   
 
 Corrected Total 178 599465       
 
 
             
 
 
 
Variable 
Parameter 
Estimate 
Standard 
Error 
Type II SS F Value Pr > F  
 
 Intercept 4.78 3.76 1540.85 1.62 0.205 
 
 
 Crop growth 0.014 6x10-4 430627 451.44 <0.001 
 
          
Summary Stepwise Selection 
Step Variable Entered 
Variable 
Removed 
Number 
Vars In 
Partial R-
square 
Model R-
Square 
C(p) F Value Pr > F 
1 Crop growth   1 0.72 0.72 2 451.44 <0.0001 
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Abstract 
Research studies on addition of nitrogen (N) fertilizer additions to soybean in Iowa, USA have 
shown inconsistent results and have not been updated recently. We performed a new study in 
central Iowa during 2015 and 2016 to investigate the effect of N fertilizer rate (0, 45, 90, 135 
kg N ha-1) and time of application (planting, R1/R2, R3/R4) on soybean yield and yield 
components. The objective was to achieve a deeper understanding of soybean yield response 
to N and calculate economic return cost to N fertilizer. The study showed a positive effect of 
N fertilizer on soybean yield and yield components in one (2016) of the two years. In 2016, 
dry weight and N accumulation for both seed and total aboveground biomass linearly with N 
fertilizer additions. For instance, in 2016 both seed and total aboveground dry weight were 
38% and 33% (on avg. 11.5 g seed d.w. and 21.1 g biomass d.w. per plant) greater than the 
unfertilized treatment, respectively. Seed and total aboveground biomass N accumulation were 
38% and 36% (on avg. 0.67 g N seed accum. and 0.74 g N biomass accum. per plant) higher 
than the unfertilized treatment, respectively. In brief, the positive effect of N-fertilizer on 
soybean yield components was achieved under favorable environmental conditions during 
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2016. However, it was not reflected in the final yield collected in a larger area by machine 
harvest. Moreover, the economical return cost analysis showed that supplemental N 
fertilization addition does not offset the application cost. Inconsistencies in results found 
between methodologies suggest the need to improve the methodologies in the near future to 
enable high quality soybean research. 
Keywords: soybean, ammonium-nitrate, nitrogen 
 
Introduction 
Soybean grain production in the US Midwest (100 million Mg in 2017) contributes 
approximately 20 billion USD per year to the US economy (Hatfield et al., 2014; USDA 
NASS, 2018). Historical data from the Midwest show an average yield gain of 0.02 Mg ha-1 
year-1 from 1927 to 2014, with noticeable variations in production due to annual weather 
variability (Egli & Hatfield, 2014a). The historical yield gain has been attributed to genetic 
advances (e.g., Kumudini et al., 2001; De Bruin & Pedersen, 2008; Koester et al., 2014) and 
improvements to management (van Roekel & Purcell, 2014; Sindelar et al., 2016). For 
instance, in Iowa after the commercial release of the first transgenic soybean seed in 1996 until 
2017, the yield gain increased to 0.034 Mg ha-1 year-1 (Fernandez-Cornejo & McBride, 2002). 
However, the historical soybean yield increase is three-fold lower compared to maize yield 
increase in Iowa (Egli & Hatfield, 2014a, b;).   
Nitrogen (N) fertilization has contributed substantially to historical maize yield 
increases. Soybean obtains a fraction of its N through biological N-fixation, and another 
proportion is obtained from the soil mineral N pool. The contribution of N-fixation to total N 
uptake is variable from year-to-year, among cultivars, locations, and management practices, 
and typically ranges from 20 to 80% (Harper, 1974; Salvagiotti et al., 2008). According to the 
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literature, N-fixation is suppressed by high levels of endogenous soil N (Schipanski et al., 
2010) and by supplemental N fertilizer additions (e.g., Norman & Krampitz, 1946; Harper & 
Hageman, 1972; Gelfand & Robertson, 2015).  
A large body of literature suggests that high-yielding soybean environments are N 
limited. In other words, there is a greater N demand than that provided by N-fixation or the 
soil mineral N pool (e.g., Rotundo et al., 2014; Cafaro et al., 2017; Tamagno et al., 2017). 
According to Santachiara et al. (2017), high seed yield and N accumulation do not necessarily 
correspond to a higher contribution of N-fixation. If we assume a soybean seed N concentration 
of 5.8% (Tamango et al., 2017), and that 0.66 kg N is biologically fixed ha-1 per kg N 
accumulated ha-1 (Salvagiotti et al., 2008), a soybean yield increase in Iowa from 3.5 Mg ha-1 
(i.e., state average, USDA NASS, 2018) to 5.0 Mg ha-1 will require an additional 87 kg N 
accumulation ha-1 in seeds, or 116 kg N uptake ha-1 increase in total biomass. Theoretically, 
this will represent an increase of 43% in N-fixation, to improve from 134 kg N-fixed ha-1 (3.5 
Mg seed ha-1) to 191 kg N-fixed ha-1 (5 Mg seed ha-1) to provide the extra N needed for a 
substantial soybean yield increase in Iowa. N-fixation is an energetically expensive process for 
soybean that requires approximately 7.06 g of glucose to fix one gram of nitrogen (Boote et 
al., 2008). Thus, a 43% increase in N-fixation is not likely to happen (Herridge & Rose, 2000) 
due to the high energetic cost that it represents to the plant. Therefore, several studies have 
investigated the role of supplemental N fertilization on soybean yields to meet this N demand.  
Our literature review of 22 studies on supplemental N addition to soybean in the 
Midwest (Table 1) showed that around 55% of the studies found a significant yield response 
to N fertilizer, but nearly all the studies failed to report an economic benefit to N fertilization.  
 
96 
 
 
Studies on rainfed environments (19 out of 22 studies) reported an average soybean 
yield of 3.17 Mg ha-1 (range 1.22 to 5.09 Mg ha-1) while studies with irrigation treatments 
reported an average yield of 4.20 Mg ha-1 (range 2.60 to 6.10 Mg ha-1; Salvagiotti et al., 2009; 
Cafaro et al., 2017; Kaur et al., 2017; Table 1). van Roekel & Purcell, (2014) reported that 
maximum soybean yield levels of 6.61 Mg ha-1 or even higher (range 5.29 to 7.95 Mg ha-1) are 
possible but not easily achievable with current management.  
Another interesting result from our review was the absence of N-fertilization 
experiments in Iowa over the last decade (Ruiz Diaz et al., 2009; Table 1). Iowa is the second 
highest soybean producing state in the U.S. with a 13% contribution to total national 
production (USDA NASS, 2018). In total, we found six soybean N fertilization studies in Iowa 
with confounding results. Four out of the six studies showed a positive effect of N fertilization 
on soybean production (Hanway & Weber, 1971; Garcia & Hanway, 1976; Haq & Mallarino, 
2000, 2005) and two studies with a negligible effect (Barker & Sawyer, 2005; Diaz et al., 
2009). De Bruin and Pedersen (2008) tested new versus old soybean cultivars in three different 
locations in Iowa and found that new soybean cultivars, especially the soybean cultivars 
resistant to soybean cyst nematode, had 18% higher yields compared to old soybean cultivars. 
Therefore, there is a need to test the effect of supplemental N fertilizer in Iowa while using 
modern soybean cultivars and current management practices. Also, the vast majority of studies 
in Iowa have focused on the end of season yields while paying little attention to yield 
components or seed quality aspects that are important to understanding the drivers of yield 
response to N fertilization. 
Managing N in soybean production is a big challenge because of the difficulty in 
determining the temporal fluctuations between soil N mineralization and N-fixation during the 
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crop growth. Supplemental N fertilization addition seems to be a good option to decrease the 
degree of N-limitation if either of these supplies of N fall short, providing more favorable 
production conditions. However, temporal synchronization is required for efficient use and 
effective application of N fertilizer in soybeans. Therefore, the timing of N fertilizer 
application is critical to benefit soybean production and be costeffective, resulting in maximum 
economic return. Many studies have found that soybean accumulated 60% of the total N around 
R3 and R4 stage (i.e., pod and seed development period; Bender et al., 2015; Gaspar et al., 
2017). Around this period, also N-fixation is maximized but soon after decreases again 
(Deibert et al., 1979a; Zapata et al., 1987; Mastrodomenico & Purcell, 2012). Thus, we can 
speculate that soybeans receiving N fertilizer at or after R3/R4 stage might suffer from reduced 
N supply derived from N-fixation. However, N fertilizer application during this time could 
alleviate and decrease the N-limitation by supplementing the crop N supply throough the soil 
mineral pool.  
Thus, it is a reasonable hypothesize first that N fertilizer application between flowering 
and pod-development would increase soybean yield and yield components compared to not 
applying N. Assuming a response, supplemental N fertilizer application cost could be offset 
and superseded by higher soybean yield. Therefore, this study aims to update information on 
soybean production in Iowa when using supplemental N fertilizer. A field experiment was 
conducted to: (i) evaluate the effect of supplemental N fertilization additions derived from 
different N-rates and timing of application on soybean growth and N accumulation; (ii) analyze 
the effect of supplemental N fertilization additions on soybean yield and yield components; 
(iii) calculate the economic net return cost to N fertilizer application benefits of the different 
N treatments (i.e., N-rate x application timing). 
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Materials and Methods 
Location 
A field experiment was conducted in 2015 at the Sorenson Research Farm (42°0’1’’N, 
93°7’3’’W), and repeated in 2016 at the Agronomy and Agricultural Engineering Research 
Farm (42°0’38’’ N, 93°44’1’’W). Fields are 2.5 miles apart and part of Iowa State University 
Research Farm in Boone County, Iowa, USA. Sites were in maize-soybean rotation, with 
rainfed maize grown the previous year of the experiment. The predominant soil for both sites 
is a Canisteo clay loam (Fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls; 
USDA-NRCS, 2016). Soil tests pre-planting for both sites averaged pH 7.2, 25.7 g kg-1 organic 
carbon content, and 15.3 mg kg-1 NO3-N at 0-30 cm depth. Temperature and growing season 
rainfall dynamics at both sites are summarized in Figure 1.   
Experimental design and treatment application 
The experimental design was a randomized complete block. Treatments included two 
factors: N fertilizer rate and N application timing. Treatments were randomly assigned within 
blocks that were replicated four times, with the inclusion of control plots (one per block; No-
N). The fertilizer N source was ammonium nitrate (34% N) which was broadcast on each plot 
at one of three rates: 45, 90, and 135 kg N ha-1. The application of N fertilizer was made at 
three different times: planting, R1/R2, and R3/R4, based on the soybean growth stage 
determination using Fehr et al. (1971). Individual plot size was 6.10 m width by 15.24 m length 
with a 0.76-m row spacing. Field plot layout and plot treatments remained the same in both 
years. Weed control and cultural practices were typical for soybean at each site. The soybean 
seed sown was a Pioneer variety P92Y75 (maturity group 2.7), with a target seeding rate of 
346,000 seeds ha-1. Crop planting, herbicide application, plant sampling, and harvest dates are 
reported in Table 2. 
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Soybean biomass sampling and chemical analyses 
Soybean plants were sampled for aboveground biomass at physiological maturity (i.e., 
R7, Fehr et al., 1977). The area sampled from each plot was 1m2 randomly selected from the 
second row to determine total aboveground biomass and plant counts. Aboveground biomass 
was cut at ground level leaving the root stumps (Gan et al., 2002). A subsample of ten plants 
was taken from each plot, partitioned into seeds, pod-wall, leaves, and stems (including 
petioles); oven dried at 60 °C until 0% moisture. Sample dry weight was recorded and reported 
per plant basis (g d.w. plant-1) instead of per m2. The number of seeds pod-1, pods plant-1, seeds 
plant-1, and individual seed dry weight was measured.  
All plant organs were finely ground and subsampled for total carbon (TC) and total N 
(TN) concentrations determined by dry combustion (LECO CHN-200 Analyzer, LECO Corp., 
St. Joseph, MI). All plant organ N accumulation was reported on a g N per plant basis by 
multiplying the N concentrations (%) and dry weight from each organ. Total aboveground dry 
weight and N accumulation were calculated as the sum of all plant organ dry weight and N 
accumulated, respectively. Nitrogen harvest index (NHI) was calculated by dividing seed N 
accumulation by the total aboveground biomass N accumulation.  
Final soybean yield was harvested from the four middle rows of each plot using a 
combine harvester when the soybean seeds were near 13% moisture (approximately seven days 
after the hand sampled plants) and reported in Mg ha-1 and adjusted to 130 g k-1 moisture. 
Calculations and data analysis 
Descriptive statistics were used to summarize results. We conducted an analysis of 
variance using Proc GLIMMIX procedures in SAS version 9.4 (SAS Institute, 1999), for each 
year separately because the experiment was set up in different plots each year. First, the 
statistical analysis was done by excluding control plots (No-N treatment) and considering 
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block as a random effect. Least squared means were tested for the one- and two-way interaction 
(N rate by application time), sliced by Rate and Time. All statistical tests were performed at 
the α = 0.05 level of significance. Second, we compared the No-N treatment with the N-
fertilized treatment (i.e., N rate*timing) mean with a single degree of freedom contrast. First-
order linear regression was used to determine the measured soybean yield and yield 
components response to different N-rates for each year using SigmaPlot version 11.0 
(SigmaPlot, Systat Software, Richmond, CA, USA). Furthermore, a t-test was used to 
determine whether linear regression slopes were significantly different among years by using 
GraphPad Prism version 7.04 (GraphPad Software, Inc. San Diego, CA, USA).  
We performed a simple economic analysis of return to N fertilizer cost by calculating 
the net return above fertilizer cost (i.e., net return cost = [yield change x seed price] – 
[additional N fertilizer x N price]), similar to Salvagiotti et al. (2008). Prices of soybean in the 
USA during 2015-2016 were 327 and 343 USD Mg-1, and the price of N fertilizer was 1.04 
and 0.88 USD kg-1 N fertilizer as ammonium nitrate, respectively (Iowa Cash Ag Decision 
ISU, 2018). 
Results 
Soybean biomass dry weight, nitrogen concentration, and accumulation in response to 
nitrogen fertilizer 
Comparing N-fertilized with No-N, seed- and total aboveground biomass-dry weight 
were significantly different only in 2016 (Table 3). For instance, in 2016 the aboveground 
biomass significantly increased with the addition of N fertilizer on average 6.54 g d.w. plant-1 
more than No-N plots (on average 22.40 versus 15.86 g d.w. plant-1, respectively Table S1). 
Total aboveground biomass was linearly related to N-fertilizer rate only in 2015 
(Supplementary Table 2). Seed dry weight was significantly higher in N-fertilized plots 
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compared to No-N plots only in 2016 (Table 3). However, in both years, dry seed weight 
increased linearly from 8.22 to 10.20 g d.w. plant-1 on average as N-fertilizer rate increased 
(Figure 2a).  
In both years, measured N concentrations of soybean seed, pod-wall, and stem did not 
differ among study factors (Table 3), and none was correlated with N fertilizer rate (Figure 2e, 
f & g, Table S2). However, in 2016 pod N concentration in No-N plots was 1.3-times higher 
than N fertilized plots (Table 3). The averages across all N-treatments of seed, pod-wall, and 
stem N concentrations were 58.3, 9.9, 5.3 g N kg sample-1, respectively (Supplementary Table 
1).  
Amount of N accumulated in seed, stems, and total aboveground biomass during both 
years did not respond to any of the N treatments; only in 2016, pod-wall N accumulation was 
significantly different for the interaction of N-rate by application time (Table 3). However, 
when comparing N fertilized plots with No-N plots during both years, seed and total 
aboveground biomass N accumulation increased linearly with N fertilizer rates on average 
ranging from 0.48 to 0.73 g seed N accumulated plant-1, and 0.54 to 0.80 g aboveground 
biomass N accumulated plant-1 (Figure 2k & l; Table S1). However, the comparison of the 
slopes from each year in seed and total aboveground biomass N accumulation as a response to 
N fertilizer rates were higher in 2016 than 2015 for both (Supplementary Table 2). On average 
pod-wall (2016) and stem N accumulation (2015-2016) for both years were 0.03 g N 
accumulated plant-1, respectively (Figure 2j & k). Even though in 2016 the interaction of N-
rate by application time pod-wall N accumulation was significant, the differences among the 
N-treatments were very small (range 0.02 to 0.04 g N plant-1; Supplementary Table 1). 
Moreover, soybean N harvest index in both years was not affected by N-rate or application 
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timing (p-value > 0.05; Table 3). On average, the N harvest index was 0.90 g seed g-1 
aboveground biomass (Figure 2h). 
Seed yield and yield components 
Soybean seed yield and yield components were generally not responsive to N fertilizer 
rate and application time (Table 3). Only seeds per pod were responsive to N-rate in 2015 and 
the interaction between N-rate and application timing in 2016 (Table 3). Additionally, dry seed 
weight (g seed-1) was affected only in 2016 by the interaction of N-rate and application timing 
(Table 3).   
Comparing yield components collected from N fertilizer plots with No-N plots, the 
number of seeds per plant measured in 2016 was 1.40-times higher than No-N plots (on avg. 
71 versus 51 seeds plant-1; Supplementary Table 1). However, it did not increase linearly with 
N fertilizer rates (Figure 2o). The average of the number of pods per plant between both years 
was 28 (Supplementary Table 1). However, in 2016, the number of pods per plant increased 
linearly with the N fertilizer rate on average ranging from 27 to 36 pods per plant (Figure 2n). 
The number of seeds per pod was affected by N-rate in 2015. During 2016, a higher number 
of seeds per pod was produced when applying 90 kg N ha-1 at planting compared to the other 
N treatments (on average 2.60 versus 2.07 seeds pod-1, respectively, data not shown). 
Nevertheless, there was not a pronounced trend among the N-treatments on the number of 
seeds per pod (Figure 2m). 
Individual seed weight in 2016 was significantly higher in the N-treatment that received 
135 kg N fertilizer ha-1, which was 16% higher than the other treatments (on average 0.19 
versus 0.16 g seed-1, respectively; Table 3). Measured soybean yield did not exhibit any effect 
from the N-fertilizer treatments (Table 3) or showed any difference compared to No-N plots.  
3.3 Economic net return cost to the nitrogen fertilizer applied to soybean 
103 
 
 
Economic return to N fertilizer applied to soybean during both years was not 
statistically different for any of the factors tested such as N-rate, application timing or their 
interaction (p-value > 0.05; Table 3). However, the addition of 45 kg N ha-1 during 2015 was 
the only case with a positive yield difference compared to No-N plots (0.02 Mg ha-1 higher 
than control treatment). Therefore, there was only one treatment with a less negative return to 
N-fertilizer application compared to the other treatments (Table 4).   
Discussion and Conclusion 
This study brings new data on N fertilization effects on soybean yield that update the 
literature for Iowa. The last study on N fertilization was a decade ago (Ruiz Diaz et al., 2009). 
Our findings confirmed earlier findings on the topic while the economic analysis illustrated 
the magnitude of revenue lost by applying N fertilizer on soybean (Table 4).  
The results (yield response to N) were quite variable from year to year as having been 
influenced by the different seasonal growing conditions such as precipitation. For instance, 
2015 was a wetter year compared to 2016. Saturated soils early in the growing season not only 
affected crop growth (Stanford & Epstein, 1974; Kucharik & Serbin, 2008) but also could have 
stimulated greater losses of N from the system (Blann et al., 2009). Whereas in 2016, more 
favorable weather preserved availability of the N fertilizer applied, similar to finding by 
Osborne & Riedell (2006). As a consequence, soybean seed dry weight was 23% higher in 
2016 than 2015, and that was because of more pods per plant and more seeds per plant in 2016 
(Figure 2).  
Tamagno et al. (2016) in a synthesis of soybean studies and nutrient partitioning found 
that the variation that mostly governs differences in the amount of plant biomass and seed 
yield, among other variables, is attributed to a greater extent to the environment than 
management (around 33% versus 22% of the variance, respectively). Subsequently, Mourtzinis 
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et al. (2017) in a recent review study of N fertilizer trials in the USA, found that most of the 
yield variability is derived from environmental factors (68%), whereas, less than 1% was 
attributed to supplemental N fertilizer additions.  
Analysis of yield components showed a positive response in both dry weight and N 
accumulation to the in-season N application regardless of time of N application and rate (i.e., 
plus N > No-N; Table 2). Moreover, linear increases with increasing N fertilization rate were 
found not only in seed and total aboveground biomass, but also in dry weight and N 
accumulation (Figure 2a, d, I & l) but also in pods per plant (Figure 2n). Our results were 
consistent with the conclusion by Zhu et al. (2010) that modern cultivars can produce higher 
biomass and achieve theoretically maximum efficiencies of radiation use efficiency, light 
interception efficiency, and harvest index. Soybean yields collected from a small area (1 m2) 
and yields reported by the combine machine harvester from a large area (93 m2) did not show 
the same response to N fertilization. This is not surprising given the size of the harvest area 
(and possible within-plot variability) and the different harvest time. The hand harvest occurred 
approximately around 21 to 26 days before the mechanical harvest. During that period rainfall 
occurred twice in 2015 and seven times in 2016, contributing 14 mm and 84 mm to cumulative 
precipitation. Moreover, plant lodging was observed in the field that most likely resulted in 
yield loss by the machine harvester. Therefore caution should be exercised in interpreting yield 
response to N fertilization, as in this study the effect of the yield data collection had a larger 
influence on the biomass production than the N fertilizer. 
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Figures and Tables  
Table 1. Previous studies of Nitrogen fertilizer trials in the Midwest of USA (i.e., Illinois, Indiana, Iowa, Kansas, Michigan, 
Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin). 
Year Location 
No. 
Environments 
No. N 
treatments 
Y0  
(Mg ha-1) 
YN  
(Mg ha-1) 
ΔY  
(Mg ha-1) 
Statistical 
response 
reported 
(Y/N) 
Reference 
1971 Iowa 2 11 2.02 - 2.36 2.44 - 2.53 0.17 - 0.42 Y Hanway and Weber 
1973 Illinois 33 19 2.49 - 3.64 2.32 - 3.78 0.14 - 1.29 N Welch et al. 
1975 Minnesota 6 15 1.04-2.69 1.22 - 3.02 0.18 - 0.33 N Ham et al. 
1976 Iowa 5 6 2.3 2.39 - 2.77 0.09 - 0.47 Y Garcia and Hanway 
1978 Nebraska 49 5 1.42 - 3.65 1.65 - 3.70 0.05 - 0.23  Y Sorensen and Penas 
1979 Nebraska 1 8 2.92 2.79 -3.11 0 - 0.19 N Deibert et al. 
1980  Nebraska 2 9 1.93 - 3.59 2.13 - 4.09 0.20 - 0.50 Y Al-Ithawi et al. 
1988 Nebraska 4 15 1.70 - 3.40 1.50 - 3.70  0 - 0.30 N Peterson & Varvel 
1996  Arkansas 1 2 2.37 - 2.73 2.60 - 2.80 0.07 - 0.23 Y Purcell and King§ 
1999 Kansas 8 9 3.7 3.90 - 4.37 0.20 - 0.67 Y Wesley et al. 
2000 Iowa 27 6 2.43 - 4.37 2.32 - 4.67 0 - 0.30 Y Haq and MallarinoŦ 
2000 Minnesota 24 6 2.46 - 3.91 2.35 - 4.09 0.06 - 0.11 N Schmitt et al. 
2000 Minnesota 12 9 1.90 2.30 - 2.90 0.40 - 1.00 Y Schmidt et al. 
2004 Iowa 12 42 2.62 - 4.28 2.75 - 4.40 0.12 - 0.13 Y Haq and MallarinoŦ 
2005 Iowa 2 9 3.43 3.43 - 3.50 0 - 0.07 N Barker and Sawyer 
2006 S. Dakota 3 8 2.19 - 2.22 2.00 - 2.68 0 - 0.46 Y Osborne and Riedell 
2009 Iowa 4 12 3.91 3.86 - 3.94 0 - 0.04 N Ruiz et al. 
2009 Nebraska 2 4 4.85 5.06 - 5.09 0.21 - 0.24 N Salvagiotti et al. 
2012 Minnesota 6 9  0.66 - 4.95  N Anthony et al. 
2014 Michigan 1 9 2.10 - 3.20 2.15 - 3.50 0.05 - 0.30 N Gelfand and Robertson 
2017 Missouri 3 4 5 5.10 - 5.50 0.10 - 0.50 Y Kaur et al.§ 
2017 Nebraska 6 2 3.00 - 5.80 3.10 - 6.10 0.10 - 0.30 Y Cafaro et al.§ 
(Ŧ) Experiments that used foliar N application. 
(§) Experiments that had irrigation. 
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Table 2. Management practices showing locations, activities and dates 
Activities 2015 2016 
N application at planting 
Isolines manual planting 
N application at R1/R2 
N application at R3/R4 
Herbicide application 
Hand harvest 
Mechanical harvest 
13 May 
- 
26 June 
15 July 
20 June 
30 September  
26 October 
19 May 
20 May 
30 June 
31 July 
18 July 
20 September  
11 October 
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Figure 1. Cumulative precipitation (blue line) and thermal time (orange line) across both sites 
in their corresponding years (Data source: Mesonet, ISU, 2017). Dotted lines indicate the 
corresponding date in both years at which soybean plants were at R1/R2 and R3/R4 
respectively. 
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Table 3. Analysis of variance from the treatment effects of nitrogen fertilizer rate (N), application timing (T), and their interaction 
on soybean biomass dry weight, nitrogen concentration and accumulation measured in aboveground plant organs, as well as 
soybean yield and yield components. Comparison of the N-fertilizer treatments mean with control plots was also included. 
Factor N-rate (N) Application time (T) N x T Control vs. N treatment 
Year 2015 2016 2015 2016 2015 2016 2015 2016 
Parameter ---------------------------------------------------P-value  --------------------------------------------------- 
Dry weight (g plant-1)         
 Seeds 0.208 0.357 0.115 0.461 0.606 0.213 0.375   0.009* 
 Pod-walls 0.752 0.599 0.638 0.488 0.513 0.105 0.122 0.064 
 Stems 0.325 0.789 0.259 0.589 0.653 0.142 0.094 0.254 
 Total aboveground 0.365 0.632 0.156 0.671 0.589 0.084 0.168   0.026* 
Nitrogen content (g N kg-1)         
 Seeds 0.959 0.328 0.304 0.17 0.692 0.531 0.415 0.469 
 Pod-walls - 0.363 - 0.171 - 0.796 -   0.037* 
 Stems 0.469 0.919 0.684 0.758 0.614 0.169 0.462 0.681 
Nitrogen accumulation (g N plant-1)         
 Seeds 0.303 0.255 0.226 0.236 0.579 0.158 0.558   0.009* 
 Pod-walls - 0.532 - 0.606 -   0.049* - 0.773 
 Stems 0.185 0.958 0.964 0.475 0.563 0.199 0.189 0.287 
 Total aboveground 0.253 0.301 0.226 0.226 0.562 0.106 0.401 0.009* 
 N-Harvest index 0.726 0.775 0.658 0.77 0.838 0.591 0.125 0.299 
Yield components         
 Seed d.w. (g seed-1) 0.339   0.009* 0.832 0.199 0.653   0.001* 0.984 0.497 
 Seeds pod-1   0.042* 0.211 0.446   0.042* 0.517   0.017* 0.650 0.109 
 Seeds plant-1 0.078 0.404 0.076 0.797 0.894 0.080 0.391   0.006* 
 Pods plant-1 0.556 0.426 0.376 0.902 0.348 0.059 0.084 0.063 
Yield Machine-measured (Mg ha-1)Ŧ 0.873 0.272 0.961 0.903 0.492 0.115 0.907 0.221 
Return to N fertilizer cost (US$ ha-1) 0.163 0.055 0.963 0.776 0.495 0.189 - - 
(*) Statistical significance (P-value < 0.05). 
(Ŧ) Soybean yield was reported at 13% moisture. 
(-) data not collected, with the exception of the return to N fertilizer cost. 
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Figure 2. Soybean yield and yield components calculated per plant. Data are means averaged 
across the different application times (n= 16, standard error bar) from 2015 (blue circles), and 
2016 (red triangles). Solid lines are the best linear fit for the nitrogen fertilizer rates of each 
year.  
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Table 4. Economic return to nitrogen fertilizer applied to soybean at different rates by year. Yield data 
are means (n= 9, ± standard error). 
Year 
Expenses Income 
Return to N cost  
(USD ha-1)  
N-rate  
(kg N ha-1) 
Price N     
 (USD kg-1 N)Ŧ 
Yield  
(Mg ha-1) 
Yield Difference  
(No-N minus +N ) 
Price seed      
(USD Mg-1)Ŧ 
2015        
  No-N 1.04 4.3 ± 0.12  327.3   
  45 1.04 4.3 ± 0.08 0.02 327.3 -40.07 
  90 1.04 4.2 ± 0.12 -0.03 327.3 -103.05 
  135 1.04 4.2 ± 0.23 -0.08 327.3 -166.03 
2016        
  No-N 0.88 4.0 ± 0.08  343.1   
  45 0.88 3.8 ± 0.08 -0.23 343.1 -118.59 
  90 0.88 3.9 ± 0.06 -0.07 343.1 -103.36 
  135 0.88 3.8 ± 0.07 -0.17 343.1 -177.35 
Ŧ Values obtained from Marketing Price: Iowa Cash Ag Decision ISU 
Return to N cost = (Yield difference * price seed) - (N rate * price N).  
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Supporting Information 
Table S1. Effect of nitrogen fertilizer application on soybean biomass dry weight, nitrogen concentration and nitrogen 
accumulation in aboveground plant organs, and yield. Data represent averages (n=4) of each N treatment (rate*application 
timing) measured by year at harvest. 
Year & 
Application 
Timing  
N rate 
(kg N ha-1) 
Dry weight Nitrogen content Nitrogen accumulation 
NHI 
Yield  
(Mg ha-1)  
Seeds Pods Stems 
Total 
Shoot  
Seeds Pods Stems Seeds Pods Stems 
Total  
Shoot. 
-------- g plant-1 -------- --- g N kg-1 sample --- -----g N accumulation plant-1----- 
2015                             
Control 0 8.08 2.26 4.45 14.78 59.81 - 4.39 0.48 - 0.02 0.52 0.92 4.27 
At Planting 45 8.57 2.70 4.88 16.15 56.27 - 4.41 0.48 - 0.02 0.53 0.91 4.50 
  90 9.84 2.85 5.98 18.66 58.43 - 5.28 0.57 - 0.03 0.63 0.91 4.23 
  135 10.88 3.27 6.00 20.14 58.16 - 4.37 0.63 - 0.03 0.69 0.91 3.91 
At R1/R2 45 7.58 2.34 4.86 14.79 61.38 - 4.85 0.47 - 0.02 0.52 0.90 4.27 
  90 8.59 2.90 4.91 16.40 59.09 - 4.79 0.51 - 0.02 0.56 0.91 4.16 
  135 9.34 2.83 5.21 17.38 58.48 - 5.66 0.55 - 0.03 0.61 0.91 4.37 
At R3/R4 45 8.64 3.00 5.06 16.70 57.58 - 4.32 0.50 - 0.02 0.55 0.91 4.11 
  90 8.36 2.58 5.50 16.44 57.88 - 5.37 0.48 - 0.03 0.54 0.90 4.33 
  135 8.33 2.60 5.01 15.94 57.57 - 4.64 0.48 - 0.02 0.53 0.91 4.29 
2016               
Control 0 8.35 2.86 4.64 15.86 57.13 11.76 5.58 0.48 0.03 0.02 0.54 0.89 4.00 
At Planting 45 10.12 3.33 4.93 18.38 59.99 9.89 5.34 0.60 0.03ab 0.03 0.66 0.91 3.78 
  90 11.77 3.10 5.80 20.66 57.50 10.55 7.80 0.68 0.03ab 0.05 0.76 0.89 3.93 
  135 13.83 3.58 6.56 23.96 60.26 9.48 5.47 0.83 0.03ab 0.04 0.90 0.92 3.94 
At R1/R2 45 10.14 3.30 6.16 19.59 58.17 9.80 5.54 0.59 0.03ab 0.03 0.66 0.90 3.67 
  90 10.53 3.35 5.39 19.28 57.69 9.53 5.83 0.61 0.03ab 0.03 0.67 0.90 3.87 
  135 12.80 4.32 7.61 24.72 58.04 9.48 6.32 0.73  0.04a 0.05 0.82 0.89 3.94 
At R3/R4 45 11.66 4.01 6.96 22.63 58.14 9.36 5.91 0.68  0.04a 0.04 0.76 0.90 3.85 
  90 11.84 3.97 6.63 22.44 56.81 8.17 5.16 0.67 0.03ab 0.03 0.74 0.91 4.00 
  135 10.72 3.38 4.41 18.51 56.91 6.96 6.37 0.61  0.02b 0.03 0.66 0.92 3.70 
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Table S2. Effect of nitrogen fertilizer rate on different soybean variables (y = a + b x m), where m is 
the amount of N fertilizer rate. Data are base per unit of plant. 
Variable 
2015 2016 
Slope R2 P-value Slope R2 P-value 
Pods plant-1   0.72 0.153 3.07  0.93* 0.038 
Seeds plant-1   0.82 0.096  0.85 0.074 
Seeds pod-1   0.06 0.750  0.46 0.319 
Individual seed d.w. (g seed-1)   0.10 0.679  0.01 0.869 
Seed d.w. (g plant-1) 0.01  0.95* 0.022 0.03  0.94* 0.031 
Pod-walls d.w. (g plant-1)   0.87 0.065  0.77 0.122 
Stem d.w. (g plant-1)   0.86 0.07  0.69 0.169 
Aboveground d.w. (g plant-1) 0.02  0.98* 0.007  0.87 0.066 
Seed N (g N kg-1)   0.76 0.131  0.15 0.613 
Pod-walls N (g N kg-1)   n/a n/a  0.87 0.066 
Stem N (g N kg-1)   0.63 0.208  0.63 0.207 
Seed N accum. (g N plant-1) 6x10-4  0.92* 0.041 1.7x10-3  0.93* 0.038 
Pod-walls N accum. (g N plant-1)   n/a n/a  0.83 0.089 
Stem N accumulation (g N plant-1)   0.74 0.138  0.81 0.101 
Aboveground N accum. (g N plant-1) 7x10-4  0.95* 0.024 1.8x10-3  0.92* 0.041 
Nitrogen harvest index (NHI)   0.34 0.414  0.89 0.055 
Yield machine measured (Mg ha-1)*   0.71 0.158  0.11 0.668 
(*) Yield measurements were reported at 13% moisture content. 
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CHAPTER 5.    CONCLUSION 
The goal of this research was to investigate soybean N fixation dynamics during the 
season and soybean litter decomposition dynamics after harvest. By studying the interaction 
of soil-plant-atmosphere the knowledge gained can be used to improve N balance estimations 
in maize-soybean cropping systems in the Midwestern USA.  
Plant litter quality determined by its biochemical composition exerts a large impact not 
only on mineralization but also on stabilization of soil organic matter. Litter quality can be 
defined by its C-to-N ratio, in other words, low-quality higher C/N ratio, high-quality, low C/N 
ratio.  Results showed that plant litter quality had a much greater effect on litter-C 
mineralization rate and mineral-associated organic matter-C (MAOM-C) accumulation 
compared to soil type or nutrient addition. As expected, soils amended with soybean or maize 
litter (low-quality) had lower litter-C mineralization and lower MAOM-C accumulation 
compared to amendments with oats or alfalfa (high-quality litter). Interestingly, the results of 
Chapter 2 revealed that soils amended with soybean or maize litter had a greater efficiency of 
MAOM-C accumulation than the other plant litters, calculated as the amount of MAOM-C 
accumulated per unit of litter-C mineralized. In an analysis of carbohydrates of the amended 
soil, I found that although cellulose and hemicellulose indices of accumulated MAOM were 
greater with maize and soybean amendments than oat and alfalfa litter amendments, most 
carbohydrates in MAOM were plant-derived regardless of litter quality. Moreover, I found that 
at the end of the incubations, more of the accumulated MAOM-N was potentially mineralizable 
in soils amended with high-quality litters and that effects of litter quality on MAOM 
stabilization included the direct stabilization of plant-derived carbohydrates.  
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In the Midwestern USA in which soybean is commonly used in rotation with maize, 
we found that N fixation varies throughout the growing season as affected by a number of 
factors, such as soil temperature, moisture, nitrogen, and crop growth. Crop growth explained 
72% of the variability in N fixation because it integrates much of the environmental variability 
(e.g., soil water, nitrogen), and is the final product of many interacting processes including N 
fixation, photosynthesis, leaf development, and root growth. The results presented in Chapter 
3 revealed that soybean N fixation in Iowa contributed from 23% to 65% of the total 
aboveground N accumulation in soybean, which had the highest daily N fixation rate in the 
early seed fill period.  
Supplemental N fertilization response of soybean presented in Chapter 4 revealed a 
lack of effect on soybean yield in central Iowa and did not offset the application cost. 
Inconsistencies in results found between methodologies suggest the need to improve the 
methodologies in the near future for advanced soybean research.  
The research presented in this dissertation indicates that soybean plays an important 
role in soil organic matter accumulation and stabilization. Moreover, the data collected from 
field experiments provides a whole suite of information regarding the N dynamics throughout 
the growing season and how it varies in Iowa with highly fertile soils. These findings can be 
used to assist farmers with decision making, as well as support crop model calibration efforts. 
Overall data and analyses from this work contribute to a better understanding of N balance in 
Midwestern maize-soybean cropping systems.  
